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FOREWORD

(U) This final technical report is in two volumes; Volume I covers all work

j erformed in Task I of Contract F04611-68-C-0085, "Injector/Chambcr

Scaling Feasibility Program." The Task I phase of the program covered

the period from 8 July 1968 to 1 September 1969. The report was prepared

by G.A. Voorhees, Jr., Program Manager, Applied Technology flepartment

of the Technology Laboratory. Bruce Heckert of the Applied Technology

Department served as Program Manager during the initial three months

of the program. Richard Williams was responsible for data reduction.

The prograin was carried out under the direction of Dr. Harland L.

Burge, Department Manager, Applied Technology Department.

(U) Air Force technical direction was provided by M. F. Powell.

(U) This technical report has been reviewed and is approved.

Roy A. Silver
Project Engneer
Air Force Rocket Propulsion Laboratory
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ABSTRACT

(U) The relsu of the Task I phase of an injector/chamber scaling feast-
btlity progrm are preeseted. Juring the fourteen mouth program, covering
the period from & July 1968 to I September 1969, the feasibillty of scaling
tw TMW Systaui coaxial Injector design to tha 0 250,000 1bi thrust level was
demogstrated. A total of forty-one injector 4evelopment test firings were
.ade WiU i•gisit injector configurations. Three chamber lengths vert eval-
uated with a single injector configuration. Satisfactory performance was
achievw4 with the longest chamber tested. Injector dynamic stability was
demonstrated in numerous stability rating tests employing both pulse-guns
and noe-directional bombs. Three demonstration injectors were designed
and fabricated and two o Lhease injectors were subjected to checkout firings
In preparation for Task 11 testing.
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SECTION I

INTUODUCTION AND StLO(•AR

1.1 INTXODUCILOt

(U) In-depth system studies of various means of minimizing the cost of
launch vehicles have been conducted by the Air Force over the past several
years. These studies have shown that a system based upon a low cost liquid
fueled propulsion system (sometimes referred to as a "big dumb booster")
offers a very attractive solution to the problem. The key technological
aspect of the concept hinges upon the ability to develop at modest cost a
thrust chamber assembly (injector/chamber) which exhibits the following
characteristics:

i Low Cost Hanufacture - commercial tolerances and manufacturing
processes, low cost ablative materials

e Scaleability - to minimize development cost for multi-
million pound thrust levels

* Dyn=.ic Stability - to minimize typical trial and error devel-
opment of stable iiljetora which has plagued
large liquid fueled engines

9 Performance - adequate to accomplish the mission

(U) The TRW Systems approach to the solution of this critical tethnology
area was to demonstrate the feasibility of scaling the single element
coaxial injector/ablative thrust chamber concept successfully utilized in
the Lunar Module Descent Engine (IF.XE) from the 10,000 lbf thrust level to
the 250,000 lbf thrmnt level. Under the requirements of this contract,
F'4611-48-C-0O85, Injector/Chamber Scaling Feasibility Program, TRW Systems
designed and fabricated low-cost injector/chamber hardware for test and
evaluation at the AFRPL High-Thrust Test Facility, 1-56. The program con-
sisted of two zasks: (1) Task I - 250,000 lbf thrust injector/chamber
development; and (2) Task 11 - 250,000 lbf thrust long duration ablative
chamber evaluation.

(U) In Task I, TRW Systems furnished the AFRPL a contractor-ovned thrust
chamber assembly (LMDE engine design scaled to 250,000r lbf thrust level) for
the purpose of facility checkout. TRW Systems alsi designed and fabricated
a devvlopment injector and heat-sink combustion chamber to investigate the
effects of variations in critical geometric and hydraulic parameterg on

fuel orifice rings and oxidizer pintle tip assemblies. The final demon-
mtration knjector configirstiton was defined after only 41 full s(.ale test
firings. This i% sxi•nficant in the fact that THW fabricated 3 identical
injector% for the muhstquent long duration a•hlativi, mattrinl *,valuation tests
Susitig comwrciai manuf ncturi•g processrs and comnmrcial tolerance practices.

(ra fp DEnTil
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(U) In Task 11. three different ciadidati low cost ablative matarial systame
were evaluated in 250.000 lbf thrust chamber hardware.

(U) This report is in two volume. Volume I describes all accomplishimentt
during the Task I phase of the program covering the period of 8 July 1968 to
I September 1969. Vo'ume II describes the results of the Task II phase of
the program covering Lhe period of 11 December 1968 to 5 February 1970.

1.2 PROGRAH SU9IAXY

(I) The 'MW System, cxperiLmental low-cost pressure fed engine demonstrated
the following:

i An ýnherently stable and scalable injector design which minimizes
the development costs.

* Engine metal components fabricated from low-carbon steels using
commerctal fabriation methods.

e Low-cost ablative liner materials and fabrication techniques.

The ability to design, fabricate and test these flight configured engines
within the scope of the program demonstrates the feasibility of the minimum
cost design approach to designing rocket vehicles.

1.2.1 Task I InJecLor/Chmher Develtpment

(U) Tank I consisedJ (if forty-one %hort duratiun tLet firings with the
devvlopment heat sink hardvare.' Performance, heat transfer, and stability
data were obtain" . Three different length combustion chambers (36, 48 and
h6) inrhes) were tented to determine the effect of Ingth on engine perfor-
mance. These tests were conducted u tng a single element coaxial injector
operated at esiht different fuel to uidizer sertin~e. The TRW injector
design minimizes the number of injector builds normally associated with
engine development programs because of its simple construction which accom-
modates interchanReable oxidizer rings snd fuel gap adjustments.

(C) The maximtm specific impulse efficiency measured was 89.5 percent in the
60-inch long (LID - 1.54 and L* a 120 inches) heat-sink combustion chamber.
Increasing the combustion chamber length from 36 inches to 60 inches resulted
in an engine performance increase of approximately 4 percent. Date indicates
that higher performance can be achieved by modest increases in combustion
chamber length.

(C) A total of 21 atability rating tests, using both pulse-guns and non-
directional bombs, were made with the various injector configurations. The
induced chamber pressure disturbances were all damped to within 10 percent
of the original chamber pressure within 10-37 milliseconds, once again pro-viding, that the centrally located, coaxial injector is dynamically stable.

(C) The nominal combustion performance (v'C*) for Rix of the eight injector
settlng. was essentially the ame (within the accuracy of the data). The
remaining two settings incorporated changes in the ratio of primary to
secondary flow rates and oxidizer orifice ant ance flow dynamics. Theme
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(C) ch&.4ea resulted In lover perfornance than the ortgInaal 4oi injector
conf igurations. kcause of the desire to contin�e Into T*ask 11 no further
tnjector changes were adde to improve ,-rformance. The 1.inal damonstratiou
Injector setting for Task 1I was selected from the test base of 41 injector
firings.

(C) Fourtuen adJditional checkout firings were sade with the SIN 001 and S/N
002 demon.cration injectorm. The S/N 001 demonstration injector was test-
fired in the 60 Inch chamber (L* - 120 inches) both with and wit~lout a
turbulence aing. Thi turbulence ring reoultwý in a performance increase of
approximately I-L/2 pwrcent. The S/N 002 denstration injector was test-
fired in the same chamber without the turbulence ring.

(U) The S/M 001 demonstration injector also was subjected to a test firing
of 10 seconds duration to check injector durability. A heat sink thrust
chamber was lined with a low-cost gypsum-phenolic Insulation at the AFLPL
for this firing. Most of the insulation was either ablated or ejected dur-
ing the Initial Zlve seconds of the firing. An a result, the convergent
and throat sections of the heat-sink chamber were eroded during the latter
half of thv. firing. No erosion of the oxidizer orifice ring or the ablative
pintie tip was encountered.

1.2.1 ran.k 11 Ablative •Chamber Evaluation

(U) 'rhrv.. -ahlative 11nvd thrust chamber amsembleiv were designed and tested.
Vour SI/N (gl Injector h'h,.ckuut L.'Ntf were also ronducttid during Task 1i.
I'erformanre agreed with the ./?4 %A) and 002 checkout temt".

(U) A number of luw-•mot fbrication techniquem were evaluated. Tape
wrapping wiver a male nandrul, and hand lay-up of standard ablative naterials
in conjunction with a, low-premiserv curet cycle appear applicable for fabri-
eating large ablative component% bat would require expensive tooling. Cast-
ing uf riwm temptrature u•mring ahlatorm is a feasible technique for produc-
ln4 latK' ablative crponnnt. without the ube of expensive tooling. The
hignt prv.•,*urv molding (if interlocking panels appears to be & practical
technique. The joint design and secondary bonding of the molded panels to

th, shell become the critics and expensive parts of the ablative component.

(M) The ma.terial selectios for the three ablative chambers were based upon
results-of isu-cale te.st piogram conducted at both the AFRPL and •Vi
Systems. Cost-effectiveneis studies were made of chamber liners using the
most promising materialq. Final material selection% were based on the cost-
rifectivenesm %tudie%. fabrication processes adaptable to larger size
ablative liners, and t,,v material technology.

(U) The •onfiKsirit in I Ahlmativ liner consisted of a tapv-wrARped MX-260(()

S(mliir a-phidn,,li,) thr,,,'t Insert, an MX-260(0 (Rilfi.ie-phenolic) isxit cone
iinor layid tip in ,a r,-.ette pattern, and an O-A-l50 ( hestos-phenolic)
C:hiamber liner whitl wie layed-up parallel-to-nurfarm*. The exit coni, and
chamber •,iotlns wire rured in place at In0 psi while the thrriat ins*.rt was
cured in an autoclaviy At 100 psi, machined and secondarily bonded into the
pressure shell using An epoxy adhesive. The chamher Internal configuration
consisted of An I.0 or R9 inches, a chamber length to diameter ratio of 1.54
and a contraction ratio of 1.80. This chamber desiKn demonstrated an engine
life of 66 seconds.

CONFIDENTIAL
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(U) The configuration 2 ablative liner consisted of a cast Dow-Coranig 93-
104 filled-silicone rubber throughout the chamber. The liner uas cast tn
three sections; the throat-exit cone, the domw section, and the cylindrical
chamber section using internal plaster molds and sheet metal/plywood mandrela.
The caut chamber was cured at rooom temperature. The chAaber litternal con-
figurst1on consisted of an L6 of 104 inches, a chamber length to diameter
ratio of 1.44 and a contraction ratio of 2.07. The demonstrated engine life
for this design was 98 soconds.

(U) The configuration 3 ablative liner consisted of a tape-wrapped IX-2600
(allica-phenollc) throat insert, an MXA-150 (asbestos-phenolic) exit cone
liner and a cast Ironsides Resin DP5-161 chamber liner. The exit cone was
fabricated fkor compres.mon molded MXA-150 segments which were secondarily
bonded into the pressure shell. The DPS-161 chamber section was cast in
two sections, the domir and cylindrical chamber section, using internal
plaster molds and sheet metal/plywood mandrels. The cait chamber section
was cured at room temperature. The internal configuration of the combustion
chamber was identical to the configuration I ablative liner. The Zamonstrated
engine life for this design was 83 seconds.

(U) The average weight of the three engine assemblies is estimated tG be
5290 pounds with the lightest engine being the configuration 2 design (5030
pounds). The injector assemblies weatgihd 1500 pounds each, tha thrust chamber
pressure vessels weighed 2850 poundn each and the ablative liners weighed from
680 pounds to 1130 pounds.

(C) Thu demonstrated specific impulse for the three ablative engine firings
was 88 t 0.5 percent uf the theoretical value at the nominal design mixture
ratio of 2.60 O/r. Tit maxicus perfornance measured woa 89 percent at a
mixture ratio of 2.50.

(C) The teat program proved the feasibility of a minlmum cost design with
mLniLmjl er;ine development required. The heat-sink thrust chamber tests
deaermined the effect of thrust chamber length (i.e., chamber stay time) on
combustion perforutance for a given injector. Usling this relatiunship with
the ablatLve engines' delivered perforeance Indicates an ability to deliver
921 Aspecific Impulse by increasing thr chamber length to diameter ratio to
1.68. Acceptable ablative performance may be achieved with the FMberite
M-2600 (& lica-phenolic tape or broadgoods) used for the chamber liner.
throat Insert, and nozzle exit-cone.
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SCCTIOe 2

OIGINI DESIGN AND FABRICATION

2. 1 GENERAL

(U) The TRW low-coat, preseura-fid engine design consists of two major
assemblies - a centrally located, coaxial injector and an ablativ2ly
cooled thrust chamber. The engine uses low-cost storable propellants
(N2 04/UDfi) which are compatible with conventional materials of construc-
tion. The engine is designed with a minimum of 'precision" tolerances such
that indu•atrial fabrication techniques zzy be used to fabricate bath the
injector and thrust chamber shell. Low-cost sblativ*-typv thrust chamber
liners, capable of being fabricated by low-cost techniques, are used to
protect the chamber shell during the engine firing duration.

(U) The Task I Design and Fabrication effort consisted of the design ard
faorication of three major itema. These Items were as follows:

1) •'O.000 lbf Thrust Develop. ,z Injector

2) 250,000 lb. Thrust Heat-Sink Chamber

3) 250,OGO lbf Thrust Dem•,.'atration Injectors

Th, 250,000 lb thrust development inlector was designed to accept replacP-
able fuel and oxidizer orifice rings In order to expedite testing of various
Injector configurations. The heat-sink combustion chamber had numerous
pulms-gun and bomb hoAses for conducting stabillty rating tests. Three
demonstration Injectors were fabricated. The fuel and oxijizer orifice
design was based on the tests results achieved with the development injec-
tor.

2.1.1 Destln Ph i looophy

1U) It ham been recumnized that the propellant injector is the critical
component in the overall determination of engine performance, combustion
stability, and thrust chamber durability. For many years. TIM Systems has
been conducting analytical and experimental Investitations of the combus-
tion proe.,ss from the standpoint of performance, stability and thrust
chamber durability. These efforts have led to TRW Systems selection of the
coaxial Injector concept as the most suitable bas••c design for meeting these
engine requirements.

(Ill The basic design simplicity of the coaxial lnl%?ctor results in reduced
development and productinn coets while mlintainint high component reliabil-
Ity. Since mont of the fabrication consnists of turning operations end
electrical discharging machining (QIW), the part-to-part reproductt~n is
excellent and the scraprate reduced when compared with designs requiring a
large number of precision drilling operatiorn.

(I') The basie injector concept permits adjumting both the fuel and oxidizer
injection flow areas, either separately or simultanr .usly, thus providing
Increased flexibility during the early development phases of a program.

UNCLASSIFIED
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(-) This fetme permits a =re
T.•rid injector optiWation. A
.scbmatic diagram of the injec-
tot element Ls shown in Figure
2-1. The coazial injector do-

." ~sign 1 predicated upon obtaining
a mechanical Interlock of the

-- Poop-ata which force. liquid
pbase mixirg to occue.

WJ) The oxidid r is muterd and
directed radially outward as
ndiLv.dual streams from the cen-
tral pintis. The fuel is injec-
ted " a hollow c7lindrical sheet
. bich intercepts the oxidizer
stream as shown in Figure 2-1,
vith part of the fuel impinging

figure 2-1. Injector Element Scheaatlc the oxidizer stream and part of
Diagram (U) it penetrating between the

oxidizer origices. The geneetry of the Interaction system to selected on
the basis of required performace and wall environmet.

(U) The injection parameterb for this injector which have shown a domina-
ting influence on injector performance in previous work are as folloes:

1. Ratio of oxidi. - to f'Ael Injection momentum
2. Ratio of secondary oxidizer flow to primary orifice flow
3. Nuer, size and shape of oxidizer orifices
4. tlemsntal spacing of oxidizer orifices
S. Location of secondary oxidizer orifices
6. Injection pressure level.

(U) Variation of theme parameters are used to control both performance and
wall environmant.

2.1.2 Combustion Stability

(U) The injector design directly affe:ts overall dynamic stability, perfor-
mance, and thrust chamber durability. Realization of these design goals
is not possible ules the injector can be made to operate in a dynamically
stable mwner.

(U) The centrally located, coaxial injector design has proven its inherent
dynamic stability in thousanda of tests on enlines ranging from small RCS
thrustors to the prevent 250,000 lb1 thrust pressure-fed engine. Mon-direc-
- -bo--s •.d radial and t-..Anentially oriented pnulse gun have been
utilized to rate the injector dynamic stability. High frequency resporme
pressure transducers are used to record the pressure disturbances.

UNCLASSIFIED
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(UM The tangential. radial, and lonkitudinal modes are of concern, with
the tangential modes being moat important. The TRW Systems ce-trally located,
coaxial injector provides a fundamental approach to the theoretical glimin-
ation of these acoustic modes of instability.

0lj) Examination of the anti-nodes of various acoustic vibrational modes
shows the location of possible abnormally high energy release aones which
could result in suataining combustion instability. Figures 2-2a, 2-2b
and 2-2(: show a comparison between distributed injection and centralized
injection. The figures show that the location of abnormally high energy
releciaes In a chamber can have a dominant effect on whether or not the
ongins will be dynamically stable.

(UM Figure 2-2a compares a distributed injector and centrally located In-
jector response during a tangential disturbance. Stable operation is indi-
cated by the solid line while the energy release pattern resulting from a
large pressure pulse at one side of the injector is showr as a dashed line.
The sone of the maximum aetergy release rate in the distributed injection
system moves generally toward the Injector face (source of propellants)
thus sustaining the imatability.

(iI In the centrally located injector the zone of maximum energy release

munt again move towrd the incoming propellants to increase the combuation
rate above its normal value. The manximum energy release zone moves toward
the injector and Inward toward the rhamher axis, or nodal location. It is
apparent that, under thaer condltlunm, the energy it released closer to the
pressure node and becomes ineffective In sustaining the spinning or tan-
gunttal pressure front.

(U) Similar arguments can be offered in support of the stability of the
Lentrally located injector to both the first radial and first longitudinal
mndes of instability.

2.1.3 Scaling

(U) Past expertenc., ha% demonstrated the scalability nf the centrally
located comlsll injector over a vide range of thrust levels. This Is ac-
complished through 01- u-te of simple ieometrical scaling techniques. Of
primary Importance ir, scaling the coaxial injector In the maintenance of
hydraulic similarity it the impinolment point. The oxidizer orifice con-
figuration is essentially photographically scaled. In making gross scaling
changes It has been necessary only to make minimal changes to achieve the
desired performance and chamber compatibility. The scaling criteria used
in designing the 250,000 lbf (vacuou) thrust injector and combustion chamber
are given in the following paragraphs.

2..1Mixina

(r) It hAn been long recognized that high injector performance requires

maxlmsm use of the kinetic energy of jet Interaction. To amsure that peak
perforsAnce vili occur, It is necessary to optimize the injection hivdr•,Iir.-l.
Jr has be.n found that control of basic momentums considerations results in
peak performance (Reference 2) for the hypergolic propellant combinations

under consideration, I.e., vhere liquiJ phase reactions are considered to

be of major importance. UNCLASSIFIED
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S(C A highly effective approach to control of momentum interaction is
obtained through an examination of the gross dy-namics of interaction of the
fuel and oxidizer streams. Initially. mximum mixing can be achieved only
by optimum uve of available momentum forces. Using this approach, lupe at
iPL (Reference 3 ) arrived at a criteria for two Impinging round streOw
for maximus mixing which is given as

Of Vf2 d f (2-1)

0oV2 do

(U) Reibllng at JPL (Reference (4) ) reports that all of the criteria for
optima propellant mixing In impinging jet injection elements can be ex-

pressed in the form /

a2 2 / 1-K)

Max

vther e:
e - ratio of mass flow rate of liquid 2 to liquid 1

I.e., mixture ratio

p a liquic denity

.1 - cross-mertional area of an individual orifice

nm - mixing ~ffrclency
or in turms of oxidizir aiv,: fuel

r 2 1b
]k W (2-3)

The coefficient k Is a unique function of the ratio of the number of streams
of one fluJd to the other fluid (n./n ); b to relatively insensitive to
changes in (nf/n ) with a nominal valoue of 0.7.

S(u) Experimentil programs at TRW employing the coaxial injector element
indicates that a modification of Equation (2-3) after Reibling, to account
for side interaction of the fuel sheet wluh the oxidizer filaments and
dafferences in discharge coefficienia, resultsein acceptable correlation
of the tvut, data. The modified correlating parameter is given by

UNCLASSIFIED
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t where:

P liquid density

- mixture ratio (Wo/Vf)
r~ of

for maximum mixing efficiency, and k La determiaed empirically.

(U) Injection parameters which have been shown important in prior work

include the following:

Ratio of oxidizer to fuel injection momentum

fuel and oxidizer orifice pressure drop level

Niumber of oxidizer orifices

Shape of oxidizer orifices

Setback of oxidizer secondary orifice

Spacing between oxidizer orifices

Percentage of oxidizer secondary flow

Rati of pirtie diameter to chamber diameter

The various orifice paraaeters are shown In the following sketch.

p pintl* diameter

O *w - fuel metering orifice dimeter

L a, 0 leogth of fuel stream to impingement

L - lanath of primery oxidizer orifice
W P a mejor width of primry oxidizer orifice

W * minor wid h of primary oxidizer orifice

L - length of secon': i orifice

W * width of secondary orif Ice

"" UNCLASSIFIED
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(U) Injector configurations with 30, 32, 36, 38, 42, 48 and 60 primary
oxidizer orificeb have been tested previously. host of these confiturStIons
vats tested also vith secondary oxaidizer orifices. In configurations Si-
ploying primary oxidizar orifices only. insufficient spacing between indivi-
dual orifices ',U - (Wp + Ws)] precludes adequate penetration of the fuel
sheet, while a spacing which is too great allows excessive penetration of
the fuel shet. In both cases perforuance is lowered and in the latter case
(fuel rich central core) the chamber wall zone would normally be oxidizer
rich resulting in excessive erosion of the ablative chamber liner. The
basic approach which was developed in the LXDE program is the addition of
secondary oxidizer orifices between priz& :y orifices at a predetermined
setback (L - L ) and with an area approximately 10 percent of the total
oxidizer iRjectlon area.

(U) The selection of the central pintle tube assembly diameter, D , is
based on consideration of: (1) fuel sheet thickness at the designlinject-
ion velocity, (2) resulting pintle tube circumference from the standpoint
of length available for locAting the oxidizer injection orifices and (3)
ratio of fuel sheet thickness [1/2 (D - D )] to spacing between primary
oxidizer orifices (UW - W p). f

(U) Only the first six of the eight injector parameters were varied in
this program. The percentage of oxidizer secondary flow was nominally 10
percent of the total flow (8 to 11. percent), while the ratio of pintle
diameter to chamber diameter was invariant (0.327).

(U) Only two injectors with more than 36 elements (02 and 06 with 48 elements)
were tested during the injector development phase. The shape of the oxidizer
orifices were not varied significantly. The spacing between orifices was
varied from 50 percent of unit width to 33 percent of unit width.

2.1.3.2 Vaporization

(U) For geometrically similar injection elements the effective mean size
droplet (r ) is a function of the total mass flow through the orifice and
the injection velocity. The vaporization of these propellant droplets,
and subsequent reaction, is a function of the chamber diameter and chamber
length. Using LMDE experience the chamber configuration required to vaporize
and complete the combustion of the Injected propellants is given by

Chamber diameter (I.D.). 2Dt - D

41 Chamber length, - 1.45 0 - L where
c c

the length is measured between the impingement plane and the throat. The
chamber convergence angle is selected as 30' and the throat radius of
curvature is 0.5 Dt

(U) An analytical combustion efficiency analysis using oni-dimensional
vaporisation rate-limited combustion model computer programs described in
References 5 and 6 was performed in support of the experimental program.
Additional data from a company-funded 50,000 lbf program was used to verify
the choubet scaling approach.

UNCLASSIFIED
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(U) 1te scaliu apprcocb involved correlmatter the xs mmsa drop
radiUs r., standard deviation, o, and nmber of drop groups (whIL- character-
IaO the s&ray at the initial station) vith the measured comustion eafficincy.
The variation of volun mean drop diwtar, d30. was correlated by

4
a - 2.64. + 0.97 4 V-V (2-5)

For a constant Injection velocity and the assumption that I•a" -VjJ~ 0

d 30 (d J) 1/2 (2-6)

or in term of injected flow rates

d30 ,1/4. (2-7)

"It is further assumed that:

r d30 1,/4 (2-0)

or

1/4r(,,,r ) " (2-9)

(U) Rquatiou 2-9 was used t? scale drop size (and number fIlu distribution)
frou a knov condition (r.1, %) to the new condition.

(U) The mso median drop radius, r., also is related to two primary injoctor
parameters, specifically injector pressure drop, AP and number of primiary
and secondary orifices, n, as follows:

(U) 2up a (2-10)

or d 2-
ýV| a

Substitution of 2-11 in equation 2-5 (with IV -V ko)
leads to

1/4ik

d3g t 3/v 1/: a uation (2-12)'(2-12)

£14 UNCLAIFIED (2-1
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results in

3 3/81/4n ()3/8 IM,/4 (2-14)

or

rm C2' A?2, n 2 ) 2 ra (al' P 1  )l ) l(2 21 (7-15)

Xquation (2-15) describes how the mass median drop site charpes with t-14

flow rate (i.e., thrust level), injector pressure drop, and number of
orifice.

(C) The one-dimunsional vaporization rate-limited combustion modal pre-
viously discussed was used to correlate the initial 250,000 lbf thrust
test results with mass median drop size. Several drop sizes vere input
to the computer progran with the first 230,000 lbf thrust chamber con-
figuration tested (Lc - 36 inches, cc - 2.23 and L* - 70 inches). The
experimental test results obtained during these tests (11. through 32)
correlated with a uss median drop radius of 109u (microns). n-oving
that the &1, aft, and n, for the 250,000 lbf thrust engine rqsult in a
mass median drop radius (ru1) of 109w, equation 1-15 vua used to calculate
the drop miss (ru 2 of 75u) for the 50,000 Ibi thrust engine (62, P2, and
n2). The vaporization rate-limited combustion nodel was then used to
calculate the relationship between performance and chamber length for both
the 250,1O0 Ibf thrust engine (109v) with 50,000 lbf thrust angir.4 (75p).
These couputed relationships are shown in Figure 2-3 along vith experLimetal
test results. The agreement between the performance computed frog the com-
bustion model and the actual experimental test results for both the 50,000
1bf md 250,000 1bW thrust engines demonstrates the capability of equation
2-15 to predict the injector characterization drop size for various engine
sizes and the capability of the combustion model to determine the effect
ot chamber length on coubustion performance for a given injector.

2.1.3.3 Application of Scalinr Criteria to Original 250.000 Ibf TCA

(U) The origina• 250,000 lbf thrust injector/chamber configuration
(Appindix A) which vas fired at the 50.000 1bf thrust level in 1967 and
then used for facility checkout of 1-56, was based on vaeues of inje:tion
parameters scxled frctu the LMDE injector. Thus, the piptle diameter is
gi-en by

D -v 0. (2-16)

a-i r..ul.. 'il a P..ntl. d'A =tsr of 12.75 --AhO-. A&* I. J-" of oxidiser
laments (primary orifices plus secondary orifices) is 36 which is identical

to the LMDR Injector. The oxidizer orifice spacing (V /UW) of approximately
07.40 is Isdntical to that of the LM[ injector. The oitica shape, secondary
oxidizer orifice setback and percentage of secondary oxidizer flow are also
approximately the *i as the EME injector.

CONFIDENTIAL
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(C) The initial fuel and oxidizer Injection pressure drop levels speci-

fied were 35 pal& and 140 psi. respectively. which corresponda n 25 pal

ind 105 psi for the LICE injector. This pressure ratio selection would

pra4;ct sou=nsm performance at a mixture ratio of 1.60. or the normal

opetr, cio mixture ratio for the LIPE.

The combustion chamber employed in the Facility Checkout Phase of

Task I vas sized on the basis of 300 psila at a throat diameter of 27.0

inches. The contraction ratio was (39.0/27.0)2 or 2.09 which corresponds

to the criteria given in 2.1.3.2. The original chamber length was 36.5
Inches from the impingement plane to the throat which does not meet the

L/D criteria. The original 250,000 lbf thrust TCA was fired only at

50.600 1bf and 60 psia at the TRW Systems Capistrano Test Site. Due to
faciiity limitations the nozzle extension was limited to an expansion
ratio of 2.0 at 20' divergence half-ungle and the overall chamber length
(impingement plane to throat) was limited to the 36.5 inches which
Is considerably shorter than predicted by the scaling criteria.

2.2 250,000 LBF THRUST STATIC TEST ENGINE DESIGN

(U) The design of the 25U,000 lb? thrust static test engine Is
shown in Figure 2-4. This 4nit is comprised of two major assemblies - the
centrally located, coaxial injector and the uncooled thrust chamber. The
design is based on achieving thie parameters shown in Table 2-1. Test dur-
ations are limited to 1.5 to 2.0 se'ondr awich isn ufficnent time to estdb-
aish the two primard objectivet of the pons ram; these objectiven are the
leasurehnth of enpinr perfomtiact, and th* verification of Injector stabtl-

Ity.

(U) The design criteria, including propellant flown, calculated pressure
drops, and predicted stre4s level% used In the development injector and
thrust chamber design have been detailed in Appendix D. A summary of the
stress analysis 14 presented in Table 2-2 for the injector and thrust chamber
regions indicated In Figure 2-j. The stress analysis was based on a steady-
state pressure of hOe psiI n the injector std chamher with the engine at
ambient temperatuore. T0e chinther winl withstand 300 phe with t factor of

safety of approximately 4 in all regions except at the weld connecting the
Lone welding neck flanAe to the dome (Figure 2-5) where the factor of safety
is 2.0.

MG The thrust chamber was fabricated from United Stmtes Steel T-1 steel
alloy in tlh areas except the long welding netk flange. which was ASTH
A-l1l carbon steel. The T-a steel elloy wt l selected for use In the
chamber because of its relatively high strenwtas (approxemately 100.uOO psi
yield strength) and lof cost. The dhme h nd plate aectroni of the chamber
are 0.5 inches thick) except in the throat replion which hat s minimum
thackrein of 0.t inches. nhe al towable run durhtion at full thrust

conditions is approximately 2.0 seconds to limit chamber throat erosion.
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(U) The thrust mourt consists of a skirt, velded to the cylindrical ckm-
bet section, which is welded to a ring containing the mounting hole bolt
circle. This thrust mount configuration distributes the load uniformly.
This type of thrust mount io also lover in cost than a bracket mount.

2.2.1 Engine Operation

(U) Combustion is initiated by opening an 8 inch facility ozidiser valve
(propellaut valves are not supplied with the TCA) so as to orovide a
positive oxidizer lead. Oxidizer enters the injector through an 8 Inch
dimeter, 300 lb ASA, welding neck flange located on the injector center-
line and flows through the oxidizer tube. The oxiiizer flow is turnod 90'
by the contoured pintle tip and is injected radially through multiple orl-
fices in the oxidizer orifice ring.
(U) Fuel enters the Injector through & 6 inch diameter, 300 lb ASA. weld-
ing neck siange where it flows into a manifold fabricated from four 6 inch
diameter, 90' elbows of schedule 60 pipe. The fuel flows through eight,
3 inch diameter, distribution orifice@ equally spaced around the outer fuel
Jacket Into an internal plenum. Fuel is injected into the combustion
chamber as a hollow cylindrical sheet; the fuel sheet impinges with the
radial oxidizer streams approximately 2.5 inches from the fuel orifice.
Since the propellants are hypergolic, combustion takes place upon contact
of the fuel with the oxidizer.

(U) After 1.5 to 2.0 seconds of operation both facility propellant valves
are closed and combustion causes. The injector manifolds were then purged
with gaseous nitrogen and the engine was ready for the next test firing.

2.3 COMPONENT DESIGN - DEVELOPM4T INJECTOR

(U) The design of the development injector assembly (X403829-1) is shown
as Figure 2-6. (Figure 2-7 shows the injector during final assembly.)
Oxidizer enters the injector through an 8 inch diameter, 300 lb ASA, weld-
ing neck flange located on the injector centerline and flows through the
oxidizer tube X403829-6. The oxidizcr flow Is turned 90' by the contoured
pintle tip, X403830-1 and Is injected radially through both primary and
secondary orifices. The pintle tip assembly (X40440B), consisting of the
pintle tip (X403830-1), oxidizer orifice ring, and ablative protection for
the pitlie tip was attached to the injector center body by means of a but-
tress thread. The pintle tip assembly wan pinned to the center body to
prevent rotation. Figure 2-8 Is a photograph of the injector centerbody
showing the buttress threads and machined fuel metering surface.

(U) Fuel enters the injector through a uingly 6 inch diameter, 300 lb AA.,
welding neck flange where it flown into a manifold fabricated from four,
6 inch diameter, 90' elbows of schedule 80 pipe. Fuel flows through eight,
3 inch diameter distribution orifices equally spaced around the outer fuel
j.cks' Into a4n Litsti-las plenum created by the fuel Jacklt ar-. thei l-a
sleeve. Fuel flows from this plenum into the annular opening created by
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(lU) rh uel-7 250,000 (bf Trnigure -) n the. 2nj0,000 c e bfy Fhuelti

injected into the combustion ch-imber As a hollow cylindrical sheet through
the anzular orifice created by the machined surface on the injector center-
body and the fuel metering orifice.

(U) The development injector design allowed rapid change of both fuel and
oxidizer orifices without rwmoving the injector from the text stand. Oxi-
dizer orifices of 36 and 48i injection elements were evaluated during the
injector developmenit program. Table 2-3 given a brief description of
both the fuel and oxidizer orifices and the tent swrive and firing% on
which they were used.

(U) The design criteria, used for siting the flow passages of thr develop-
sent injector is given as Appendix D.

2.3.1 Fuel Orifice

(U) Four fuel orifice* (X403832) were fabricated '4uring the co~.tse of the
development program. The initial fuel orifice (X403832-3) vap' machined to
provide a nom~inal annular fuel opening of 0.250 in~.h, + .010 inch, when
asoembled into the X403829-1 dievelopment injector as~embly. Ithe clean-up
diameter of the X403829-9 outer oxidizer tube was 12.733 Inch while the
I.D. of the initial fuel orifice ring (X403832-3) was 13.225 inch. The
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f4W

-P

f icering ,wa-s ' -o test , 1 1 o

(U iguhe seon-fe 2rific 01) wb s Trmachinjedtoprov~id Jac nominaly (U)0

Inchannular opening. The prior2-4 toueliv orifite ri e e... vanmmathinet
t.oa nomina, 1.0 inchwThic resulted in an annular fuel nji ni rng aof
he .e mecsuremlent thathed n fow . 0 Inche a . The X403832-.
fic r ring w. used on test firin. 16.4.. in-1uso

(U) The maddtoand fuel orifice rinjwgs (X40383ne5 woervde fabroinate an.200

line nn tohp enin. These fuel orifice rings w. fn machined w

the0 incheption of th ND plach waround a the stockmdfarener of 1h2onn.97

Th eighth m .a"ure.en " inicte. a . p in o 0.9,nhs TeX082

fuel ,orifice ring va ued on, test fii,'1-6 ncu

livr gur te AF-P. ThOse fuel orificetringe wereFfiniJhrker hinedl w(th

thela excptnionK of ther. prior wao dlveft at thestc dialomente ofn1e.tr

Inches.

2.3.2 Pintle Tip Assmcbly

(U) nTe pintle tip assemblies (Xn04408) were built up from the oxidizer

orifice ring. X403830-1 pintle tip, and ablative material am required to

form the configuration ehori in Figure 2-11 Six pintle assemblies, conl.-
tin$ of five separate oxidizer orifice rings, were designed. In addition.

the orifice ring employed in the X40440-1i assembly was modified on tho
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(U) occasions. The oxidizer orifice
ring configurations are described in
the following sections. The initial
oxidizer orifices were machined into
the blank ring using conventional
milling machine equipment. The ad-
ditional three orifice configurations
were machined Into the blank rings by
an electrical discharge machining
(ELM) process. LON produced sort
uniform, higher quality orifice* at
a reduced cost when compared with con-
ventionAl milling of the orifices.

(M') Following delivery of the
oxidixer orifice rings by the fabri-
cator the XUU331-- pintle tip was
welded to the orlaics ring and the
ablative protection was applied to
the pintle til. Haveg 41-F cennt

wa. usid for all fivr pintle tip
adrm~blieta. 1aveg 41-Y cement Is an
iabeatcon-phenolic mixture which xr-

Figure 2-11 Initial Oxidizer and qulrre an acid catalyst to caua• the
Fuel 0rifice king%(Ul mixture to set.

(V) Fibure 2-11 li m cltoneup photo-

graph of the initial pintle tip
asse-blv (X40440A-1) and fuel orifice
ring (X403832-3) an ansstbled into
the injector development aspembly

2.1.2.1 OxiLdizer Orifice. O.

(Uv The initlia replaceable oxidizer orifice ring which vWS fabricated for
the development Injector (X403821-l11 wan a 16 element configuration 01
(X403831-1. "A" change) &P shown In Figure 2-12 This configuration wan
selected because It is nearly identic.'l to oxidizer orifice configuration
employed on the original TRW 250.000 lbf thrust injcctot (X403666) which
was used in the facility checkout firings (Tests 1-10) at the High Thrust
Test FacILity (1-56).

(U) The characteristics of the two oxidizer orifice confiratation. Are shown
in figures 21-13a/2-13h and are tabulated in Table 2-4. As tnted In Table

2-4only one major change was made to the X403831-10(1) oxidzer orifice
ring when compared with tOer ,oidi'c;" 3rifi4 rink uaed in tie original

T1W 250,000 lbf thrust injector. The only signifgiant change eade in the
initial development injector oxidizer nrifice ring waf in the vail thick-
nose of the orifice ring. The wall thickness was increased from 0.25 inch
to approximately 0.50 inch to accommodate the American Sta•dard Buttrees
thread which was used to make the orific rings replaceable.
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36 EQUALLYr~rB mPACED
4 PRIMARY

= L.OT5

.500'

3 50 oss

I1 I76S CA-r

SEcriow A-A SEZCTION B-B 5WTDT

Frigure 2-13a. Development Injector (01) Oxidizer Critic. Ring (U)

r.C D 55PACIED

451 .se. PR 1.00

IZ.640 04A 265 5P 4-AED5CNLAW

*C)NC-C SECTO4 D-D SLOT5

Figure 2-13b. Checkiout injector Oxidizer Orifice Ring (U)
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Table 2-4 Initial Oxidizer Orifice ing (Uaracteristica (1)

Checkout 01

Injection Area, Aot, in2 13.29 13.61

Primary Orifi'.. A op, in 2  11.85 12.17

Secondary Orifice, A00in 1.44 1.44

tkit Width, tM, in. 1.10 1.11

Primary Orifice, Wp, li. 0.450 0.450

Secandtry Orifice, Wo, In. 0.083 0.083

LM-UW_ in. 0.65 0.66

Space Factor. U + UW ,A x 1001 48.5 48.1
p a

Percent Wp, UW /M x 100 40.9 40.5

Percent sec. flow, A a/Ant x 100% 10.82 10.38

fuel Sheet Thicknes. t fah" in. 0.265 0.245

t fah /A-',W 0.408 0.372

Secondary Orifice Setback, in. 0.500 0.400

(U) The orifices (36 primary plus 36 secondary) in the initial oxidiber
orifice ring were machined Into the blank ring uas.ng conventional milling
operations. The measurement of the 72 individual orifice* in the oxidizer
orifice ring were made using "Mlo/no So" gage*. The measurements were then
checked with venier calipers to ascertain the actual dimenaions of all
orifices. The measureuent record is shown aw Table 2-5. A total of seven
out-f-tolorance e.asurements (out of 180 measurements) were observed. An
satiaate of the injection area change based on the actual meaaureomnte in-
dicates an in action area one (1.0) percent greater than the design injection
area (13.4 ini).

(U) The predicted oxidizer injection LP for this initial configuration to
shown in Figure 2-14 as a fxiction of the volumetric flow rate. Actual test
data for test firings 11-17 is also shown for comparative purposes. The
oxidizer orifice ring vwa water-flowed at AFRPL. Two data points were
taken; these are shown on the dashed line in Figure 2-14,

2.3.2.1.1 hodification A to Oxidizer Orifice No. I

(U) The initial test firings vith the X404408-1 Pintle Tip Assembly
(1403831-I "A" change, orifice ring) Indicated excessivo penetration. On
16 December 1968 a meeting was held at AFRFL to review the test results
from test firings 11-17 and to investigate various means for modifying the
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(U) oxidizer orifice ring to increase the apace factor j(o + W )/W a 1000"
It wae decided to rework oly the primary orifices by Increhiaiagtbe V to
0.564 (from 0.450 inch) IscýA by using a 5/16 Inua *ad mill as sham imp
figure 2-15. This increased the total Injection area to 14.60 id, as In-
creme of 7.2 percent. 7be percantaga of secondary flow decreased to "AS5
percent. This chane decreased the £2Vo/&?f ratio, at the design conditions,
from 2.15 to 1.35L

(U) Th predicted oxidizer injection 1P for this configuration. vitw the
predicted fuel injection W? for the X403832-4 fuel ortfice riA3is shown
in figure 2-16 a a function of volumetric flow rate. Actual teat data for
teat firings 18-23 is shoin as the solid points on Figure 2-lb.

2.3.'.1.2 Modification S co Oxidizer Orifice No. I

(U) After test firing 23 the L404408-1 Pintle Tip A-sembly (modified
Ati X403831-1 "A" change, orifice ring) was reuruad to TV1 for rework of the

secondary oxidizer orificea. The "B" modification to the 1403831-1 oaudi-

acr orifice ring consisted of lengthening the secondary orifices by 0.100
14, inches am ahown in figure 2-17. This modification increased thep total
* injection arva to 14.90 xq. inches. an .ncrease of 2.0 percent. The per-

contage of secondary flow increased from 9.85 percent to 11.65 percent.
This change permitted investigation of (1) the perrentate of secondary

fLow (Item 2, page 2-2) and (2) location of secondary oxidizer orifices
(Item S5 page 2-2).

2.3.2.2 vxidlzer Orifice No. 2

(U) One of the sajor injector parmeters to be investigated In the inJec-
tor development program was the number of oxidizer elements. A 48 element
oxidizer orifice ring (4a primary plus 4.8 secondary orifices) was designed
(Tiro X404100) and fabricated. 1%hi design is shown as Figure 2-18. uased
on data frorm test firings 11-17 only, the spaco factor (Wp * W'/,I 2 100)

qA4 increased to 67.2 percent, as compared to 48.5 p$rc•nt for the original
replaceable oxtdisgr orifice ring. erttinent characteristics of the number
2 oxidizer orifice configuration are tabulated " Table 2-h The clharac-
or istics of the X403831-i oxidizer orifice ring are shown for comparison.

(U) The orn' ices (48 primary plIA 4A seccmdsry) in the X404107-1 "A" change

oxidize- orifice ring were machined into the blank ring using electrical
discharge machining. Two EI?1 pasa's eore used on each orifice. On the
primary orifices a roughing pass vwa first. made; the electrode vae then
d-eased off end a final pass mada through the orifice. The finish pass
electrode was then used as the roughing eloctrode for the next orifice.
The secondary orifices were machined using 1EDM as described in Section
2.3.2.1.2. The individual orifices were measured using vernier caltpera.
"The uniformity of the 96 individiAl orifices is apparent in the tabulation

of the engineering meauureents shown in Table 2-7. The indicated oxidiner
injection area is lees than one-half percent greater than the design injec-
tion airea.
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TabL 2-C. (at&C 1stcsi of Of Oa rOriSe Ring I (U)

01 02

Iajection Area, A 99 In 13.61 13.60

PrLmery Orifice. Aop. In* 12.17 12.44

Secoadary Orifice. A in 2 1.44 1.36

Unlt Width, UW, in. 1.11 0.830

Primary Orifice. W p In. 0.450 0.475

Secovdary Orifice, We, In. 0.053 0.083

UU-Up, in. 0.6 0.355

Space Factor, (W * W Na x 1002) 48.1 67.2

Percent p . (W /Lp A lOOt) 40.5 57.2P

Percent Sec. Flou, A 0/A a 1002 10.58 9.65

FAel Sheet Thickness, t sh* In. 0.245 0.201

t fah/ -W 0.372 0.565

Secondary Orifice Setback, In. 0.400 0.305

(U) The predicted oxidlier Injection P for this configuration Ia shown in
Figure 2-19 a& a function of the volumetric flow rate. T11hs ring va- asses-
bled Into the X404408-2 ?intle Tip Asseubly. Figure 2-20, and fired in con-
junction with the X403832-4 fuel orifice ring on test firinge 24-29 and
40-42. Actual injection pressure losese recorded during these firings are
shown on Figure 2-19 for couparative purposes.

2.3.2.3 Oxidlier Orifice No. 3

(U) The third oxidizer orifice configuration fabricated and teated wae the
X404047-1 "A" change shown as Figure 2-2L This configuration is a 36 element
configuration (36 primary plus 36 secondary orifice) with the sasn @pace
factor (W + W 1A00 x 100) " the No. 2 oxiliear orifice configuration to
allao a darect conparison with the test reeultt obtained With the 46d eleent
configuration (X404107-1). Pertinent characteristics of the number 3 oui-
dLier orifice configuration are tabulated as Table 2-8.

(U) The orifices (36 primary plum 36 secondary) were machined into the
blank ring using electrical discharge machining using procedures identical
to thoee described In Section 2.3.2.2. Figure 2-22 Is a photograph of the
finished part prior to asmembly Into the X404408-3 Pintle Tip Aseoubly.
The individual orifice@ were measured using vernier calipers. A tabulation
of engineering i-aaurementa for the individual orifices is shcom in Table 2-8.
The indicated oxidizer injection area Is approximately one-half percent iess
than the demign injection area.
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Table 2-8. Characteristics of Oxidizer Orifice tinge 3 and 4 (U)

03 04

Injectice Area, Aute in 2  13.915 14.90

Primary Orifice, Aap, iu'2 12.68 13.45

Secondary Otifice, A., In2  1.235 1.45

Unit Vidth, UW, in. 1.117 1.112

Primary Otifice, U P, in. 0.635 0.590

Secondary Orifice, Was Li. 0.0965 0.106

UWN-, in. 0.477 0.522

Space Factor, (Wp + W a /1W x 100%) 66.0 62.6

Percent W I (W /UW x 100) 57.1 54.1
P p

percent Sec. Flow, AoI/Aot x 100Z 8.86 9.75

Fuel Sheet Thickness tfoh In. 0.201 0.201

tfoh /UW-W p 0.422 0.385

Secondary Orifice Setback, in. 0.300 1.000

(U) The predicted oxidizer injection 4? for the configuration is shovw in
Figure 2-23 as a fumction of the volumetric flow rate. Thin ring was anses-
bled into the X404408-3 pintle tip asseubly and fired in conjunction with
the 1403832-4 fuel orifice ring on test firings 35 and 36. Actual injec-
tion pressure losses recorded during these firings are shown on Figure 2-23
for comparative purposes.

2.3.2.4 Oxidizer Orifice No. 4

(U) The fourth ozidizer configuration fabricated (but not tested) was the

X403946-1 "A" change shown as Figure 2-24. This configuration in a 36 ele-
ment c-ufiguration (36 prlzary plus 36 secondary orifices) vith esmentielly
the sm orifice shapes, space factor (Wp + Wg/UW x 100%) and total injec-
tiou aras as the "B" modification of the X403831-1 oxidizer orifice ring.
The major change in this configuration is in the setback of the secondary
orifice. The setback vwa increased to 1.00 inch from the 0.30 inch setback
used on the X403831-1, "B" modification, orifice ring. Pertinent charac-
teraiticA of the number 4 oxidizer orifice configuration are tabulated as
Table 2-8.

(U) The orifices vere machined into the blank ring using electrical die-
charge machining procedures which have beau described previously. A tabu-
lation of engineering umeuureuents for the individual orifices in shown an
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Table 2-10. The indicated oxidizer Injection area Is nearly Identical to the
injection area of the X403831-1, "B" modification, orifice ring. Vie pre-
dicted oat 4xor injeaction&? tor this configurat ion is shown In Figure 2-23
as a function ot the volumstric flow rate.

(U) This ring was awueinbled Into the X404408-4 Pintie Tip Assembly a
shown in figure 2-26. This pintle tip assembly was not tired during the in-
jector development program.
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2.3.2.6 oxidizer Ortfice No, 6

MU The sixth oxidizer configurationi fabricated was the X40'LIOS-1 shown
In Figure 2-28. This configuration is a 48 oelamnt configurdaclon (48
primary plus 41 secondary orifices) with essentially the same orifice shape
factor (W + * L x 1001) as the "B" vkodiflcati(.v to the X403831-1 oxidizer
orifice r?ng. "The percentage of mecondary flow was reduced from a nominal
10.0 percent to 4.8 percent of the total flow. Pertinent characteristics
of the number 6 oxidize'r orifice configuration are tabulated in Table 2-11.

(U) The orifices were machined into the blank ring using electrical dis-
charge machining procoidures which have been described previously. A tabu-
lation of engineering measurements for the Individual orifice is shown as
Table 2-12. rhis oriftce ring configiirittion wan utilized on test firings
108, 109 and 110.

2.4 COMP0NENrr OLS IC - DFMONSTRATION INJEC-T'R

(U) The detkign of the demonstration injector assembly (X404056-1) is shown

as Figure _'2R Figure 2-29 shows the injector during final asamembly prior

to shipment from L. W. LeFort Co., Anaheims, California to AFRPL. The in-
jector assembly is nearly identical to the development injector assembly
(X4038Z9-1) described in Section 2.3. The major change in the demonstration
injector design from the development injector is the incorporation of the
oxidizer orifice ring into the centerbody assembly by wtldinq rather than
by means of a buttress thread.

(U) Oxidizer enters the Injector through an 5-inch diameter, 300 lb ASA,
welding neck flange located on the injector centerline and flows through
the X404056-9, oxidizer tube. The oxidizer flow is turned 90' by the con-

tolired pintle tip, X403C30-1 and Is injected radially through both primary

UNCLASSIFIED
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Table 2-11. Characteristics of Oxidizer Orifice Rings 4 and 6 (U)

04 06

Injection Area, A in2 14.90 12.97

Primary Ortfice, Aop, in 2  13.45 12.34

Secondary Orifice, A , in 2  1.45 0.63

Unit Width, UW, in. 1.112 0.834

Primary Orifice, Wp. in. 0.590 0.419

Secondary Orifice, We' in. 0.106 0.080

UW-W p, in. 0.522 0.415

Space Factor, (Wp + W /UW x 100%) 62.6 60.0

Percent Wp, (W p/UW x 100%) 54.1 50.3

Percent Sec. Flow, A 0/Aot x 100% 9.75 4.80

Fuel Sheet Thickneso, tfah' in. 0.201 0.201

t fsh/UW-W 0.385 0.497

Secondary Orifice Setback, in. 1.00 0.545

and secondary orifices. The oxidizer orifice ring employed in the demon-
stration injector was based on teat results obtained in the injector de-
velopment phase of the program. The orifice ring contains 36 elements
(primary orifice plus secondary orifice) and is described in Section 2.4.1.1.
The pintle tip is protected with ablative material (HAVEC 41F) cement.
HAVEG 41-F cement is un asbestos-phenolic mixture which uses an acid
catalyst to cause the mixture to set.

(U) The fuel enters the injector through a single 6 inch diameter, 300 lb
ASA, welding neck flange where it flows into a manifold fabricated from
four 6 inqh diameter, 90" elbows of schedule 80 pipe. The fuel flows
through eight, 3 inch diameter, distribution orifices equally spaced around
the outer fuel jacket (X404056-10) into an internal plen,-- created by the
fuel jacket and fuel sleeve (X403333-I). Fuel flows frcm this plenum into
the &nuu!ar opening created by the fuel jat et and injector centerbody.
Fuel is injected into the combustion chamber as a hollow cylindrical sheet
through the 0.200 inch annular opening created by the machine surface on
the iojector centerbody and the fuel metering orifice (X403832-I).

UNCLASSIFIED
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2.4.1 Pintle Tip Assembly

(U The pintle tip assemblieu
(X(404280-1) are built up from the
oxidizer orifice ring (X404693-1), the

7"'. X403830-1 pintle tip and ablative

figuration shown in 77igure 2-31. The
Aim orifices in th- oxidizer orifice rings

were machined into the blank rings by
ar~ electrical discharge machining (EDM)
process. EDM produced more uniform,
higher quality orifices at a reduced

A . - cost when compared with convent ioaal
~ milling of the orifices.

() Following delivery of the oxidi-
31 zer orifice ring (from the EDM fabri-

cator) the X403830-1 pintle tip was
welded to the orifice ring and then

It'A welded to the injector centerbody.
X The ablative Protection was then

~ ~ ~:applied to the pintle tip. The LeFort
Co. applied the HAVEG-41F cement to
the tip. HAVF.G-41F cement was used

T 4 for all pintle tip assemblies. The
~ /.~' ~cement is an asbestos-phenolic mix-

, ture which requires an acid catalyst
~ ' to cause the mixture to set.

2.4.1.1 Ring. Oxidizer Orifice

(M The oxidizer orifice rings fabri-
Figurc 2-30. Demonstraition Injector cated for the ~eeonstration injectors

During Final Assembly were made to TRW drawing X404(693-1 as
MU shown in Figure 2-32. This configur-

ation was selected on the basis of
test results obtained in the i njector development test program. Thne
X404693-1 configuration (36 primary orifices plus 36 secondary orifices) Is
baised primarily on the 01A configuration (Section 2.3.2.1.1) tested during
firings 18-23.

(U) The pertinent design characteristics of the X(404693-1 uxidizer orifice
configuration are tabulated as Table 2-13. T1he 4lesign rharacterisf-Ics of
the 01A oxidizer orifice ring are shown for comparative purposes. rwo
major changes are evident; the total oxidizer Injection area has been in
creased to 15.97 sq. Incaies, while the percentage of secondary flow has
been decreased to 9.1 percent of the total. flow area. This ch~ange resulted
in an oxidizer injection %5P of 100 psi at the design operating point.
Operation at this aP had been demonstrated In the injector development
phase of the program.

UNCI ASSIFIED
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Table 2-13. Caaracter".atica of X404693-1 Oxidizer Orifice Ring MU)

X404693-1 X403831-1 ("A" ch•a.L)

Injection Area, Aot, in2 15.97 14.60

Primary Orifice, A, in2 14.53 13.16

Secondary Orifice, Aos inn2  1,44 1.44

Unit Width, IN, in. 1.10 1.11

Primary Orifice, Wp, in. 0.584 0.584

Secondary Orifice, W.0 in. 0.083 0.083

W-W)X in. 0.516 0.526

Space Factor,(W + W;•U• x 100% 60.6 60.1

Percent W p, /Li x 1002 53.1 52.6
p

Percent Sec. Flow, A o/Aot x 100% 9.1 9.85

Fuel Sheet Thickness, tshh, in. 0.200 0.200

t wtv-w) 0.390 0.388

Secondary Orifice Setback, in. 0.425 0.400

(U) The orifices (36 primary plus 36 secondary) in the oxidizer orifice
rings were machined into blank rings using an electrical discharge machining
(1DM) process. Two passes of the EUM tool were used on each orifice. On
the primary orifices a roughing pass was first made; the electrode was then
dressed off and a finish pass made through the orifice. The finish pass
electrode was then used as the roughing electrode for the next orifice.
The secondary orifices were machined using the EDM process also. In the
first pass the 0.083 b7 0.500 slot was machined normal to the vorkpiece
surface. In the second pass the 30W angled foed slot was machined from the
inside of the ring leaving the 0.030 Inch metering flat.

(U) The individual orifices of each of the three demonstration injector
oxidizer orifice rings were measured using vernier calipers. The unifor-
mity of the 72 individual orifices is apparent in the tabulation of the
onjincsring • n ---ureme-ts shown in Tables2-14, 2-15, and 2-16 for the three
orifice ring.. The area of the primary orifices for the three rings varies
from 0 to I percent greater than the design area. The secondary oxidizer
flow areas vary from 9.1 percent to 9.4 percent of the total flow area.
This results in an oxidizer injection area which is greater than the design
injection area by 0.3 percent for the S/I 002 ring, and by 1.5 percent for
the S/N 001 and S/N 003 rings. This area change results in a predicted
oxidizer injection 4P of approximately 97 psi as compared with the design
value of 100 psi.
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2.5 COMPONENT DESIGN - THiRUST CHAOBER

(C) The design point conditions were r sed to size the thrust chamber for a
nozzle st-Unation pressure, Pn, of 300 pals. The chamber design is shown
oun drcainS 1403646-1 (Figure 2-33) and Figure 2-34 is a photograph of the
second chamber prior to shipment to the AFRPL. The throat diameter, Dt. is
calculated as follows: *

Aa C xCtheaP~~ 0s7r/ 4 D t

or 1/2[4nC C'theo W T
Dt V Po o

For a combustion efficiency of 94 percent the required throat diameter is

Dt 4 0'4"5596 x 980 1/2

"[t[4 x 30 32.17 - 26.10 in.

The pertinent internal geometry characteristics of the chamber design are:

Throat Diameter, Dt - 26.1 inch

Chamber Diameter, D - 39.0 inchc
Nozzle Exit Diameter, D - 52.2 inch

C

Length of Chamber - 36.5 inch

Nozzle Length - 50.25 inch

Overall Length - 96.5 inch

Contraction Ratio, c - 2.22

Expansion Ratio, - 4.00

Chamber Length/Do - 0.94

Nozzle Half Angle - 15&

LO - 70 Inches

2.5.1 Combustion Chamber

(U) The combustion chamber material was USS T-1 steel in all are" except
the long veld neck flange (X403646-9) vhich is ASTM A-181, Grade II, carbon
steel. The head (X403646-8) is a 2:l ASHE Code elliptical head of T-1
steel, 39.0 Inch I.D. by 0.5 in. wall thickaiess supplied by the Univereal
Head Co. Joliet, Il~lnoiz, The place sections of the chamber and the nozzles
are 0.50 inches thick. In the throat region the minimum thickness is 0.8
inches. The throat section (X403646-3) was fabricated from 2.0 Inch thick
T-1 steel plate. The internal contour van machined with a tracer lathe. The
allowable run duration at the full thrust condition is approximately 2
seconds to limit inside surface wall temperatures to approximately 1700'F.
The results of the thermal analysis are presented in Appendix 5.
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2.5.1.1 Combustion Chamber - Modifi-

_.• cation 1

(U) The initial combustion chamber
delivered to the AMRPL was modified
after the initial 22 teat firings.

M- 0 .EPARA.DTN ReE In order to determine the offset of
chamber length on perforwanco a 24 inch
long cylindrical section vwa added to
the baseline X403646 chamber as shown
in Figure 2-35. The cylindrical sec-

--- ---- 8  tion was rolled from 1/2 inch T-1
.steel plate, welded, chamfered and

¶• delivered to the AFRPL for welding
A into the development thrust chamber.
-LD This combustio- chamber was employed

Z4LA CT•.N on test firings 35-46, 101, 102 and

-A B m•I AwiTn4N V 108-110. A 12 inch longer chamber
Figure 2-35. Modification I (modification of the facility chwtkout

and 2 to X403646-l (U) chamber) was employed on test firings
33 and 34. The modification of this
chamber is described in Appendix A,
Section 1.2.2.1.

(U) This chamber was also used in the. checkout of the S/N 001 and S/N 002

demonstration injectors (X404056-1) during test firings 72-77 and 98-100.

2.5.1.1.1 Combustion Chamber - Modification lA

(U) After test firing 77 a turbulence ring (X404469-1) was welded into
the lengthened development combustion chamber asmembly. This chamber
configuration (X403646-14) was used on test firings 90-93.

2.5.1.2 Combustion Chamber - Modification 2

(U) The second of the two original heat-sink combustion chambers delivered
to the AFRPL was modified in much the same maziner as the initial development
combustion chamber. An l inch long cylindrical section was rolled from
T-1 steel plate, welded, chamfered, and delivered to the AFRPL for weldinginto the X403646 thrust chamber at a point 19 inches downstream of the

thrust plate. This chamber was not used in any test firings ae a heat-
sink thrust chamber.

(U) The S/ 002 chamber was lined with a luw-cost gypsum-phenolic insula-
tion at AMRPL by personnel of the Insulation Systems Inc. This lined com-
bustion chamber vwa tent fired on 4 June 169 (Test Firing 78) for ap-
proximately 10 sacands to check ln.aecror durability and material performance.

UNCLASSIFIED
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2.5.2 Thrust mount

(U) The thrust mount consisted of a 3/8 in. thick support ring (1403646-6)
fabricated from T-1 stoel plate 1".0 inch wide by 135.0 inch long. The
support ring was voided to the cylindrical chamber section downstream of
the vold which connected the semi-elliptical head (1403665 8) ý.o the cylin-
drical chamber body (X403668-5). Shim were used to specs the -6 support
ring so that a milnium 0.040 in. clearance was maintained between the sup-
port ring and main chamber section. The thrust mount ring (X403668-7) was
fabricated from 1.00 inch thick USS T-1 steel plate which was welded to
the support skirt. The mounting hole pattern vws 20. 1-1/8 inch diameter
holes, on a 44.0 inch diameter bolt circle.

2.5.3 Instrumentation Ports

(U) Instrumentation and pulse gun bosses were added to the basic thrust
chamber asseably (1403646-1) a shown on TRW drawinse X404053-1 and
X404097-1. Three tangential pulse gun bosses and two radial pulse gun
bosses were added to the combustion chamber as shown in Figure 2-36. These
bosses were located in the same plane approximately 6.0 inches below the
impingement plane. Four bomb bosses were installed on the thrust chamber
assembly as shown in Figure 2-36. Two of the bomb bosses were installed
in the elliptical head; the other two were added in the coubuation chamber
section.

(U) Four Photocon pressure transducer ports (1.00 - 14NF-28-23 thread)
veat tapped in the basic pressure shell. Three ports were in the same
plane as the pulse gun bosses; the fourth port was located just upstream
of the convergent section, in line with the 180* port at the pulse-sun
plane. Four 1/4-18 UPT standard pressure ports were also installed in the
basic pressure shell for msking static pressure measurements.

(U) In addition to the pressure tape a total of 50 thermocouple ports
(1/4-16 NPT) were installed at 6 planar loc.ations a shown on TRW drawing
X404097 (Figure 2-37). N~ot all of the thermocouple ports were used on all
test firings.

2.6 ACQUISITION COSTS

2.6.1 Development Hardware

2.6.1.1 Derelopment Inlector

(U) One complete development Injector assembly (X403829-1), three addi-
tional pintle tip assembliess three fuel orifice rings (X403532) and oneblank oxidizer orifice rint (X403831) were fabricated and delivered to the

AFRPL. The oxlfices in he initial oxidizer orifice ring were machined
into the blank rings using conventional milling processes. The orifices
in the oxidizer orifice rings uaqd in the Pintle Tip Assemblies (X404408)
were machined into blank rings using an electrical discharge machining
(EMi4) process.
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(U) Acquisition coats for the development injector Lardware are tabulated
as Table 2-17. Thc coats Include TRI Systems material handling and G&A
charges but do not include fee. The major coat component of tLa deveLop-
ment •.njactor assembly is the Pintle Tip Assembly (1404408) which coansLets
of the oxidizer orifice ring, pintle rip and ablative Insulation. The oxi-
dizer orifice ring is the moot costly of the three components of the Pintle
Tip Assembly.

2.6.1.2 Combustion Chambers

(U) Two heat-sink combustion chambers were fabricated for use with the de-
velopment injectors. The basic combustion chambers were fabricated to TSJ
draving X403646. Pulse-gun and bomb bosses were installed per TRW drwaing
X404053. The 50 thermocouple bosses were located as shown on TRW drawing
X404097.

(U) The two chambers were fabricated by different fabricators; Capital
Westward, Inc., Paramount, Calif. fabricated the S/N 001 chamber which was
used in all development firings, except firing number 78. The Grano Stael
Co., Los Angelea, Calif. fabricated the S/N 002 chamber which was used for
firing number 78, only. The total cost of the two chambers (with instru-
mmntation and thermocouple bosses) and including nuts, bolts and gaskets
for the Injector mating flange is shown in Table 2-17. As was the case for
the injector these acquisition costs include TRW Systems material handling
and G&A charges, but do not include fee.

Table 2-17. Development Hardware Acquisition Costs (U)

Injector Assembly

X~u'829-1 $6350

Pintle Tip Assembly

X404408-2 $1775
X404408-3 1595
X404408-5 1830

Fuel Orifice Rin 1t

X403832-3 $ 278
X403832-4 278
X403832-5 278

Oxidizer Orifice Rink

X403831-1 (Blank,) $ 310

Combustion Chamber10)

X403646-1 (2) $14,000

NOTE (A): Includes instrumentaticn ports, thermocouple
boas.s, nuts, bolts, and gaskets
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2.6.2 Demonstration Inlectors

(U) Three demonstration injactor assemblies (X404056-1) were fabricated
and delivered to the AVRPL. The injector assemblies were all fabricatad
to the *am drwing. Neither the f.Nl or oxidizer orifices are replaceable.
The orifices in the oxidizer orifice rings used in the Pintle Tip Assam-
bliss (X404280) were machined into the blank rings using an electrical dis-
charge machining (EDH) process. Fabrication techbnqueu were nearly identi-
cal to that employed on the development injector assembly (X203829-1).

(U) RAquests for quotations were submitted to ten fabricators. Respo"Mss
to the RIQ were received from six of the ten fabricators. The successful
bidder wa" the L. W. LeFort Co., Anaheim, Calif. The Lelort Co. did all
of the fabrication with exception of the oxidizer orifice ring. The
Brackell Co., Culver City, Calif. machined the orifices into the ring using
an ZEN process. The LeFort Co. also fabricated the ablative pintle tip
using Haveg 41Y cement.

(U) The unit costs for quantities of 1, 3 and 10 injector assemblies are
given in Table 2-18. As in the case of the development hardware the acqul-
sition costs include TRW Systems material handling and G&A charges but do
not include fee. The unit costs quoted by the six fabricators for three
asseamblies varied by + percent of the median value. In all cases the
quoted cosa indicated a 95 percent shop learning curve.

Table 2-18. Demonstration Hardware Acquisition Costs (U)

InJector Assembly

X404056-1

Quantities 1

3 $420u

10 $3790

UNCLASSIFIED
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SiCTIOW 3.

TEST RSULTS

3.1 SM"Y

(U) The results of the Tazk I test effort are sioarized in this section.
Detailed discusuions of each test series are given in the following sections.
toge:her wlth data reduction procedures and a tabulation of teat hardware.
The Task I test effr-rt was essentially divided into three pl ises as follows:

Phase I Facility Checkout
Phase II Injector Development
Phase III Demonstration Injector Checkout

All of the testiug was of short duration in a heat-mink thrust chamber
with one exception. That exception was firing 78 which was of approximately
10 seconds duration in a low-cost gypsum-phenolic lined heat-sink combustion
chamber.

3.1.1 Facility Checkout Firings

(U) A total of ten facility checkoue firings were made during the mouth
of October 1968 uesng the TRW 250,000 lbf Thrust Injector Assembly (X403656,6
and Thrust Chambmr Assembly (X403668). The combustion chamber has a 63-inah
L*9 0.87 length to diameter ratio, and a 2.1 contraction ratio. The initial
test firing in the aeries was a short duration Ignition Transient Test and
no data for that firing was furnished TRW System by the AFRPL. Some minor
operating difficulties with the oxidizer feed system were observed during the
test series. The welds holding the fuel distribution weir in place were
found broken after the test series. This allowed the veir to become cocked
and was asseladd to be the probable cause of propellant maldistribut.ion
observed in the movies of the test firings.

(U) The computed specific impulse efficiency qlgp for test firins6 2-10,
except 3,is shown in Figure 3-1 as a function of mixture ratio. The lop
is based on the theoretical specific impulse for an c - 2.0 at the com-
puted noszl stagnation pressure and a 13.2 pts ambiert pressure. The
1 I, are approxima.ely 6 percent lover than tfficieacies which would berealised in a conventional 4:1 nozsle with a 150 half-angle. The 6 percent
lose is due to the very low 17CF measured in the 211 nosale with 20 half
angle.

(U) The computed combustion efficiency (1 C*) is shown in Figure 3-2 as a
function of mixture ratio. The peak efficiency Is stro-igly dependent
on the operating mixture ratio and indicated excessive penetration of
the fuel sheet. This results in a fuel rich core and oxidizer rich mantle
with a drop-off in performance as mixture ratio is increased.

(U) Similar behavior wes erperienced with the initial development ouifice
ring (01), and led to an increase in the percentage open of the primary
orifice. CONRDENTu

(Inis page is unclassified.)
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3.1.2 Dsveolagnt Injector Firings

(U) A total of forty-one test firings were made vith the developrsnt
hardware to obtain performance, heat transfer, and stability data. light
injector configurations (fuel-oxidizer orifice configurations) were tested
In three different heat-sink chamber configurations (LW of 70, 88 and 120
inches). The initial injector configuration tested (010/1) failed to pro-
duce test results which duplicated the results obtained with the facility
checkout injector. The lowered performance was attributed to excessive
oxidiser penetration of the fuel sheet resulting Ln a fuel rich core and
oxidiser rich mantle. The oxidizer orifice ring was reworked to the 01A

configuration which providad additional blockage. In addition the fuel in-
jection arep was reduced (to increase fuel injection velocity) with the F2

fuel orifice ring. Both 36 and 48 element oxidizer orifice rings were tested
during the three month development phase. The 01B/72 (36 element) and 02/F2
(48 element) injector configurations produced nearly identical performance
at the design mixture ratio. Three chamber lengths wore investigated with
the 015MF2 injector configuration.

(U) The thrust vi nozzle stagnation pressure graph for f.rinis 11-32 and

35-46 indicated a constant thrust coefficient C, for all mixture ratios anA

nozzle stagnation pressures between 200 psia ana 300 psi&. Teat firings

33 and 34 employed a chamber with a 4:1 expansion ratio and 20" half-angle

and resulted in a somewhat lower n .Figure 3-3 shows the thrust a a

function of nozzle stagnat on pressure.

(U) The specific impul.e efficiency of the 01A/F2 (36 element), 011/F2 (36

element), and 02/F2 (48 element) injector configurations is shown in Figure
3-4 as a function of mixture ratio. These tests were conducted in a base-
line heat-sink combistion chamber with an L* of 70 inches, Lc of 36 inches,
and a length to diameter ratio of 0.87. The data for firings 18-21 and 30-

32 are shown as one group representing the 36 element oxidizer orifice con-
figuration. figure 3-5 shows the combustion efficiency for the same three

injector configurations. Again the data for firings 15-21 and 30-32 are
shown as one group.

(C) The maximum performance was achieved with the thirty-six element oxi-
dizez orifice config~aration operating at nearly 60% open area. This per-
formance, both in 11Xsp and TC* was at the low end of the mixture ratio

operating regime. At the design mixture ratio the maximum performance was
achieved with the 36 element oxidizer orifice configuration.

(U) In addition to investigating various injection parameters to determine
the effect on performance the chamber length was varied for another series
of tests. The 01B/F2 injector configuration was used for this test series.
figure 3-6 shows the specific impulse efficiency, nipt for three mixture

-o ratios at three discrete chamber lengths. The p-fo-...nc. for the 2.4 and

2.6 mixture ratios are essentijilly constant for chamber lengths 12 inches
or longer than the baseline chamber length. This TO due to-theqlattenlng
of combustion efficiency curve, qC*, as shown in Figure 3-7. The increased
chamber length results in a greater performance increase at the extremes
of the mixture ratio operating regime.
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3.1.3 Demonatration Injector Firings

(Q A total of fourteen firings were made using two of the thrse identical
demnstration injectors which were fabricated (see Section 2.4). Eleven
firings were made with the initial demonstration injector delivered to the
AMlPL (S/N 001) while only three firines were made using the S/N 002 injec-
tor. The initial six firings of the S/N 001 injector were made in the
60-inch lons (LM - 120 inches) heat-sink cousbustion chamber; the seventh
firing was of approximately 10 seconds duration in the 54-inch long (L* -

108 inches) heat-sink combustion chamber which had been lined wfth a low-
cost gypsum-phenolic insulation. The final four firings of 2.h3 S/N 001
demonstration injector were made using the 60-inch lon, chamber with tur-
bulence ring (X403646-14). During the initial three Ch~tkout firings of
the S/IN 001 demonstration injector high amplitude oscillationa at a 5000
cps fzequency were experienced in the oxidizer feed system. The three
checkout firings of the S/N 002 demcnstzation injector were made using the
60-inch long heat-sink combustion chamber (without turbulence ring).

(U) Thrust measurements for test firings 72-77 and 90-93 with the S/N 001
Injector Indicate a constant thrust coefficient C for all mixture ratios
and nozzle stagnation pressures between 200 psia 1md 300 psi&. For teat
firings 98-100 with the S/N 002 iijector there is an unexplained loss of
4 percent in Cf as indicated in Figure 3-8

(U) Figure 3-9 shows the calculated specific impulse efficiency for the
S/N 001 demonstration injector checkout firings at s nominal 300 psia
(72-75), S/N 001 Injector firings In the heat-mink chamber with turbulence
ring (90-93) and the S/N 002 demenstration injector checkout firings (98-100).
The data from the S/N 001 injector firings in the 60-inch heat-sink combustion
chamber with turbulence ring indicate an approximate one (1) percent increase
In specific impulse efficiency over that obtained on firings 72-75 although
the data from fliings 72-75 is so widely scattered that a valid comparison

.. Is not possible.

(C) The specific impulse efficiency calculated for the S/N 002 demonstration
Injector (test firings 98-100) indicate a performance level approximately
two percent lover than the vn, measured durint firings 72-75 with the
S/N 001 demonstration injecttrp Figure 3-10 shows that the lower specific
impulse efficiency Is not due to a loss In combustion efficiency since
the combustion performance of the S/N 002 damonstration injector is at
least equal to or grsater than that measured vich the S/N 001 demonltration
injector. Since the thrust coefficient efficiency is roughly four (4)
percent lover than measured during test firings 72-75 the lose in specific
Impulse efficiency ts apparently due to erroneous thrust measurements or
chamber pressure measurement& or a combination thereof.
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3.2 DATA REDUCTION PROC'DURS

(U) The test results presented herein are derived from computer printout
data furnished TRW by the AFR.YL. The AFRPL furnished TRW reduced perfor-

Lance data for test firings 2 through 17 and general performance data for

tsc firings 18 through 46, 72-78, 90-93. 98-102, and 108-110. TRW Systems

reduce the latter 48 firinag; standard data reduction procedures were

employed throughout.

(U) The theoretical I1 and C' data for the pressure ringse of 200 psi&
300 pala and sixture ra~io of 1.80 to 3.20 (0/7) were curve-fit and used
In equation form to cowpu.e the theoretical I and C*. In general, the
nozzle stagnation preesure used to compute thiPtheoretical I and C* was
baoed on correcting the injector end chaber pressure measurtmnts for the
pressure lose between nozzle throat and injector. This correction asauesd
isantropic flow in the nozzle and a specific heat ratio y, of 1.235. De-
tailed data reduction procedures used in arriving at the test results are
given in Appendix C.

3.3 TIST UARDWARS

(U) The teat hardvare, tnclud'ing infector configuration, used in the 65
test firings is tabulated as Table 3-1. The initial 10 test firings employed
the TRW 250,000 lbf thrust engine which wes test fired in 1967 at a re-
duced chamber pressure of 60 paLa and approximately 50,000 lbf thrust.

CONFIDENTIAL

-~ ~:M



mommAsa 1f99-6O36-NS-OD
CUIUD A lPage 3-10

In\ N N N a In

INIn NInSI d No

04 NO A

2 N i N N I N

* N N N N-II

b N• U N N N

N N N N

(This page is unclassoified.)

il4.... 'r -i

aal



* 11199-6006-R8-00
Page 3-11

(U) The test hardware was modified to allow operation at rated conditions.

These modifications are described in Appendix A. The development injector
asembly (X403829) was used in test firings 11 through 46. Various injec-
tion orifice configurations were tested. The X403646 developmen: thrust
chamber Assembly wva employed in test fLrings 11 through 46 except for 33
and 34 which used a modified X403668 thrust chamber.

(U) The demonstration injector ansembly (X404056) was used in test firings
72-78. 90-93 and 98-100. The X403646-11 development thrust chamber wua
used in test firings 72-77 and 90-100. The X403646-10 (insulated with a
low-cost gypsum-phenolic insulation) was used for the 10 second teat firing
(number 78). The X403646-14. aodifted to include the turbulence ring was
used on test firings 90-93.

(U) The last two test series conducted in Task I (101-102 and 103-110) were
made using the development injector assely (X403829), and the X403646-11
development thrust chamber assembly

3.4 DETAILED TEST RESULTS

3.4.1 Facility Checkout Firings

3.4.1.1 Performance Data

(U) Test results obtained in the initial facility checkout firings (2-10)
are discussed In the following paragraphs. Ten firings were made with the
X403666/X403668 Injector/Thrust Chamber combination (L* - 63 inches). Test
firing 1 was a very short duration start transient test and no data for this
firing was furnished to TRW Systems.

(U) Figure 3-11 shows the meisured thrust as a function of nozzle stagna-
tion pressure. The nozle scagnatIon pressure is the average of the two
head-end pressure transducers (PC-1 and PC-2). corracted for an c 2.10
and a v - 1.235, for test firings 2 through 8. For test firings 9 and 10
the nozzle stagnation pressure is computed from PC-i, only. Thrust data for
test firing 3 is not available. The data for test firing 8 falls outside
of the 6iormal band of data. This Is due to an unusually high PC-2 measure-
ment which results in a Po average higher than normal. Information re-
quired to ascertain the cause of the high PC-2 measurement is not available.
This high PC-2 for test firing 8 also results in a lowered Cf and nCF shown
in subsequent sections. The computed specific impulse efficiency, 1I7p, is
shown in Figure 3-12 as a function of mixture ratio.

(U) The computed combustion efficiency, nC*, for this test series is shown
in Figure 3-13 an a function of mixture ratio. The nozzle stagnation pros-
oure in the C* equation is computed from the average of PC-l/PC-2 for firings
2 through 8, and from PC-i only for test firings 9 and 10. The dashed
curve on Figure 3-13 is for a combustion efficiency baded on the nozzle
stagnation pressure computed from the PC-3 (nozzle entrance pressure see-
surement. The PC-3 measurement was available for firings 9 and 10 only.
The ratio of PC-l/PC-2 (average)/PC-3 for test fliings 9-17 was 1.071 which
results in a 0 term value (Appendix C) of 0.982. This value was used to re-
compute the combustion efficiency based on nozzle entrance pressure.

Sthit page'Ps unclas sified. )
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(C) The eemputed aoxsle efficiency, 'YCy, for this test ser@Is s hahem in
Figures 3-14 and 3-15 as a function of sisture ratio ad nozzle stamgntio
pressure respectively. The nozzle efficiency is based o a inozzle stagna-
tion pressure computed frost C-I/PC-2 average for test firings 2-8 and from
PC-1 for test firings 9 and 10. The man noasle efficiancy over the mixture
ratio range of approximately 1.70 to 3.30 (0/7) is 0.903 vith a range of
+ 0.018 at a mommain nassle stagnation pressure of 275 pet&. So trend with
mixture ratio is apparent. Theoretical calculationa for mixture ratios of
0.5 to 10.0 (O/F) show less than 0.3 percent variation in the theoretical
thrust coefficient. figure 3-15 indicaces higher nozzle efficiency at lover
pressures (less under expansion as shown in VA.Surs 3-15). The expected 7C?
for the 2/1 expansion ratio, 20 degree half-angle conical aiozzl vas 0.955.
The difference of approximterly 5 percent between the computed VCF*, the
theoretical "Cy is unexplained.

3.4.1.2 Injector Characteristics

(U) The fuel Injoctiou pressure lose (•P v. varied considarbly during
the course of most test firings. The Lnjector conductance, EXJCF, is
plotted In Figure 3-16 as a function of time. The Lujector conductance is
defined as

KIJCF (3-Of

and should be invariant for a fixed are& Injection orifice operating over
a narrow range of volumetric flow rates. This behavior yes u~explained
until the test series wes completed and the test hardware yes returned to
TRW Systems. Upon dissgsembly of the injector, the inner fuel shell (veir),
PI X403666-7. was observed to be cocked In the fuel jacket as shown it
Figure 3-17. All velds holding the weir in place vere broken. The time
dependent KIJCI vas probably due to this defectivt component. Examination
of the high speed motion pictures taken of the test firings show a pro-
pellaan maldistribution vhich is also attributed to this condition.

MU) The engine 8egforman e cannot be shovn as a function of the scaling
parameter [(AP ) • (00). 4J due to the Invalid Ait measurements. The
injector condu~tance for the oxidizer side, KIJCO, Is sholn in Figure 3-18
as a function of the volumetric flov rate. The nominal discharge coefficient
coMPuted from the folloving equations

C1.495 r
Aic r "I (J-C)

is C.730 which compares with the value 0f 0.?4 predicted from water flow

data Appendix A.

3.4.2 Development Injector Firings

3.4.2.1 Test Series 1 and 2 - ?Irings 11-17

CONFIDONTIAL

S•M I,-•I I'f :•~ l I I *ll•!' I I •' "I I_--- rl... .. •'2 I-..... .•



CONMIDgNTIAL P& -.

06h a

.8 P

WIN

I.ICONFIDENTIAL

- Ju'



A~flAMYUII11199-6006-RO-00
k IU RiU NTIAL Page 3-16

8.02

0 LO.

7.0 C

1 23 4

Mi) FiLgure~~-~ Furl 1 n jqttr Conduc ta~nce-
Facility Oieckout Firingii (U)

cockedS vei InI

V~h~ pae a nclcoi ifd



C~I~m~1P~E~[11199-6006-338-M
P Page 3- 17

7.0 1 I II , 7. 1

6.61-

.4

6.2 .... v -- u..

6.0 . ..

5,.8- 4 6 " ,i

5.0 6.0 7.0 8.0 9.0 10.0

Oxidizer Volutric Flowrate, ft /sec
(U) Ftgure 3-L8. Oxidizer Injector Conductance -

Facility Checkout Firings (U)

3.4.2.1.1 Performance Data

(U) The fuel and oxidizer orifice configurations selected for the initial
firings of the development injector "aembly (X403829) were chosen so an
to duplicate the feature, used in the facility checkout injector (1403666).
The initial test results obtained with the X404408-1 Fintle Tip Assembly
failed to duplicate the test reaults obtained vith the facility checkout
hardware. The failure to achieve the eaxw performance is attributed to the
minor design changes &ade in the oxidizer orifices "n described in Section

(U) Figure 3-19 show@ the measured thrust as a function of netale stagna-
tion pressure. The nozzle stagnation preasure ia the average of two injector
and pressure transducers (PC-l and PC-2), corrected for an CC - 2.25 and a
'V 1.235. The computed specific impulse efficiency, Iep, is shown in
Figure 3-20 as a function of mixture ratio. The solid points and dashed
line JA for test firing 16 mad 17 while the solid line ie for test firings
11 through 15. Following test firing 15 the X403832-4 fuel orifice ring
wan substituted for the X403832-3 fuel orifice ring. This change vwa ex-
pected to move the performance peak to a higher mixture ratio. Insufficient
data man taken to define the exact peak.

(U) The computed combustion efficiency nC*, for tht, test series is shown
in Figure 3-21 as a function of mixture ratio. The average of PC-1 and
KC-2 was used in computing the nozzle stagnation pressure used in the C*
equation. Combustion eff•cisancy for firings 16 and 17 are shawn as solid
points and the dashed lina.
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(M) 1he cempuzed **sale efficiency, 1IC(, for this test series is oham in
Figures 3-22 a= d 3-23 ae a function of mixture ratio and nozzle stagnation
presoze. The nozlse afficleacy is based o4 a nozzle stagnation pressure
comughed from PC-11PC-2 average for this test eeriea. The :inmeauozle
efficiency over the mixture ratio range of 1.50 to 2.60 (0/r) is 0.960 with

a rane of + 0.020 at a nominal nozzle stagnation pressure of 285 peia.
Figure 3-22 shms that the thrust coefficient efficiency is apparently a
function of the mixture ratio 'or performance level) which does not agree
with the theoretical data (Appendix C, Section 2.2). The expected Pcf for
the 4/1 expansion ratio, 15 degree half-angle, conical mozzle was 0.950.
This value was only approached at the lowest mixture ratio. No trend with
nozzle stagnation pressure is apparent.

3.4.2.1.2 Injector Characteristics

(U) The fuel injector conductance, KIJCF, for test f1rings 11-15 is shown

in figure 3-24 me a function of the volumetric flow rate. The KIJCF value
for firings 12-15 indicate a nominal discharge coefficient of 0.99 which
was expected. The fuel injector conductance for teat firing 11 is approx-
isately 10 percent lower thAn the averasge KLJCF for 12-15. Ioth the
thrust/nozzle stagnation pressure correlation and the system losses between
fuel tank and injector appear normal. It is concluded that the discrepancy
is due to an abnormally high APif caused by an erroneous PP measurment.

(U) The injector conductance for the oxidizcr side of the injector, KIJCO,
is shown in Fligure 3-25 as a function of the volumetric flovrete. The nom-
inal discharge coefficient computed from the conductance is 0.68 which io
somewhat lower than the 0.725 value computed for the orifice configurstion
tested in firings 1-10. The differences In orifice design are apparently
responsible for this change in discharge coefficient.

(U) The specific Impulse efficiency for both injector configurations,

X403829-1 and X403829-16 are shown in Figure 3-26 as a function of
.Pr)O. (d)(1,S Insufficient dats was taken to establish the performance peeks.

3.4.2.2 Test Series 3 - Ftrings 1-23

3.4.2.2.1 Performance Data

(U) It was apparent that the oxidizer spray pattern produced by the
X403821-i orifice rin% was considerably differcet than the spray pattern
generated by the orifice configuration of the X403666 injector used in the
facility checkout firings. The reduced discharge coefficient is evidence
of this difference. The cause of the 1 owered performance was attributed
to the excessive penetration of the fuel sheet; that is the epacing of the
primary oxidizer orifices was insufficient to prevent the fusI frVm flow-
in& axially by the oxidizer orifices and out the nozzle unreacted. Increa-
sing the fuel momentum was only partially successful in preventing the
fuel penetration. Therefore, the X403831-1 oxidizer orifice ring wae modi-
fied at the AFIPL to increase the space factor (Wp + Us/1 M 1 1002) to
approximately 60 percent by widening the keyhole portion of each primary
orifice to 0.584 inches.
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(U) Figure 3-27 shows the measured thrust as a function of nozzle atqana-
tion pressure. As in prior teat eeri*4 the nozzle stagnation presmure Li
the avefage at the two inj2ctor ond prelaure transducers (PC-I and PC-2)
corrected for an c - 2.25 and y - 1.235. The computod specific impulse
efficiency. . aihown in Figure 3-28 ae a function of mixture ratio.
The q for f!finge 1115, shown an the dashed lJIAt, indicates that increas-
in& Wovviddth of the primary orifice is particularly effective in increas-
ing the absolute performance level.

(U) The computed combustion officiancy,'1C* for this teot series ia shown
in FigJure 3-29 as a function of mixture ratio. Test firings 18-21 wer*
made at a nozzle stagnation pressure of approximately 300 pets. Teat firing
22 was made at a aozzle stagnation pressure of approximately 260 pasi while
teat firing 23 was Pads at a Yo ot approximately 245 psta. Figure 3-29
shove the effect of lowered injection pressures on performance achieved fit
the @aft mixture ratio.

(C) The computed nozzle efficiency. 17CF for this test series is shown in
Figure 3-30 &a a function of mixture ratio. This figure showe an average
'7Cyl of 0.955 for teot firings 18-46 incluaive, excepting 33 and 34 which
used the modified X403668 chamber (20" half angle). This average It valid
for both the original combustion chamber employed on firings 11-32 and the
lengthened combustion chamber employed on test firing. 35 through 46. The
expected ni noted in Appendix C for this nozzle wan 0.980. The difference
of approximT~tely 2.5 percent between the conputed nOC is unexplained.

3.4.2.2.2 Injector Characteristics

(U) The fuel injector conductance, KIJCF. for teat firings 18-23 is shown
in Figure 3-31 a a function of the volumetric flow rate. Data for teot
firings 16 and 17 which employed the same fuel orifice. is included for
comparati purpoes. Thte fuel side discharge coefficient, computed from
the conducLance is 0.940 as compared with the Cd value of 0.99 computed for
fir.ings 12-15 employing the X403832-3 fuel orifice.

('J) The conductance on the oxidizer side of the injector assembly is shown
in Figure 3-32 as a function of the volumetric flow rate. Th nominal dis-
charge coefficient computed from the conductance is 0.70 which is lower than
the 0.725 Cd computed for the orifice configuration tested in firings 1-10.
The 0.70 Cd is a small improvement over that obtained with the unmodified
configuration.

(C) The specific impulse efficiency for the X403829-16 (X403831-1 Mod. A
Oxidizer orifice rim) it shown ir.F ure 3-33 a a function of the injec-

or scaling parameter [(sr )O. (i)O.. The peak perforuance is achieved
at a value of approximately 1.80.

3.4.2.3 Test Series 4 - Firinee 24-29, 40-42

3.4.2.3.1 Performance Data

(U) One of the major injector parameters to be investigated in the injec-
tor development program was the nirober of oxidizer elements. A 48 element
oxidizer orifice ring was fabricated and tested during firings 24 through
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(U) 29 and later 0a in rest fiLing 40-42 in the lengthebed (+24in.) chatber.
The orifice tiuS (XY04 10-1) Wes designed with a space factor of 67 percent
in ovrder that the effect of that paraimatsr could be determned. Th 1404107-1
orifice rim. was committed to fabricatiou prior to start of Teat Series 3.

(U) Figure 3-34 showe the measurad thrust for this configuration as a
function of nozzle stagnation pressure. A in prior test series the neasle
stagnation pressure is the aver&&* of tbe two ujnector end pressure trans-
duters (?C-1 and 1C-2) corrected for an gr a 2.25 and a -1 - 1.235. ThU can-
putedJ specific Lamqls" efficiency, R. isJ shown in Figure 3-35 "~ a function

of ILaturs ratio. In the baseline clbl~r €configuration (LC a 36.5 inches
and V• w 70 inches) the dAG u8" Performance attained wth th ele8mec
conLiguration (02/C2) is approxieately 0.7 percent lower than the per-
forumace valun obtained in Teat Series 3 (15-23). However, the peak per-
bormnce does occur near the design mixture ratio and is asightly higher at
the design mixture ratio.

(C) The computed combustion efficiency, 'ce. for this test series is ehown

in Figure 3-36 a& a function of mixture ratio. Test firings 25-27 and 29
were made at a nominal noaale asatn.Ation pressure of 300 pals while tect
firings 24 and 25 were made at a reduced P. of 27S and 245 pals, respec-
tively. The effect of lowvere4 injection pressures on perforeance is shown

in figure 3-36. The 24 inch Increase in chamber length (LM - 120 inches)
results in an approximate 3.5 percent increase in combustion efficiency for
the 02/12 injector configurat ion. This increase is reflected in the specific
Impulse efficiency as showe In Figure 3-35.

(C) The computed noazle efficiency. 9Cp, for this test series is shown In
Figure 3-)7 as a function of siature ratio. figure 3-37 shove an average
V7Cy of 0.955 for test firings 15-32. The o7 for 24-29, 40-42 is In agree-
went with the data of the other test 8eries. The nogasle efficiency for
test firings 24-29, 40-42 from the nomale e"trance pressure (PC-3) correc-
ted to nozzle stagnation preaure to shown in Figure 3-36. The '7C73 cow-
puted using PC-) t,; .9)0 _ .1)5l for stature ratio rhnlge Of 2.25 to 3.05
(0/F) for test ftirings A-29. Tho discrepancy 1.n yr to due to the differ-
ences in P. computed from etN.•er PC-1/PC-2 (ivvrage) or ?C-3. The use of
the thearue* sl correction froe injector and to otalse entrance results In a
larger c.lectlon than so measured In any ot the test tiring$.

3.4.2.3.2 In-ector Charactorittics

(U) The fuel injector conductance, KIJCT, for test firings 24-28 and 40-

42 is shown in Figure 3-39 se i function of the voluetTtc flow rate. The
fue! side conductsaco agr•,• , •ith the conduc tance coftuted for test firings
16-23 resulting in a nominal C of 0.94, The unexplained shift in fuel
aide injector conductance shier occurred between firings 28 and 30 is seen
in the data for teat firings 40-42.

(U) The conductance on the oxiditer side of the injector asembly is shown
in Figurt 3-40 as a function of the volmsetric flow rate. The nominal
discharge coofficient computwd from the conductance Is 0.70 w¶ich agrees
with that obtained in test firings 16-23.
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(C) The specific impulse efficiency for the X403829-17 Injector assembly
JA sade is figure 3-41 as a function of ?Pr)0-5 (6A)U.

4
. The peak

perfornmica occurs at a noainal value of 2.0.

3.4.2.4 Test Series 5- Firiti* 33ý-U, 37-39, 43, 46

3.4.2.4.1 Verformance Data

(U) The X403531-1 oxidizer orifice ring ewapoyed in test series 3 was
modified by increasing thd length of the aemoadary orifice to 0.00 inch.
This was occosplLshe4 "siog an electrical dischoige machining process.
Thus, the setback of the secondary orifice wan .iecreased to 0.300 inch.
This configuration (Q1h) was used to detersitin the effect of chamber length
un performance. Test firingo 30-32 were wdat in the 70 inch L* baseline
Leat-siak thrust chamber (X4U3646-1) while test firie~s 33-34 were made in
a 12 inch longer chambw; (X.0316M-1) witi, an 8b inch LO. Test firings 37-39.
43 and 46 wets sa4t in a 24 inch long caster (X403646-11) with a 120 inch L*.

(U) figure )-42 sehws the measured thrust as a function of nozale stagna-
tLon pressure. As in prior tewt Aeries the nestle staanation pressure is
the average of the two Injector end pressure tran1ducers (rC-1 and PC-2) cor-

rected for an oc - 2.25 and a )- 1.235. The computed specific inpulse
efficiency, t1ao Is she-n it Figure J-43 as a function of mixture ratio
for three che/tm~r length@. TIe Increaus in chamber lrngth Is par-
ticularly effective In Lncrusslng tho ahsolute performance level.

(U) The coumpued rowm'rtion efficiency, nce. for test firings 30-32, as
a function of sly.ture ratio is shown In Figure 1-44. Data for test series
3 is shown for cooperative purposes. The data shows that increasin# the
length of tho secondary orifice bIy 0.100 inch WOL5) does not result In
any performance increase over the mixture ratio ratge of interest.

CC) Figure 3-45 shows Cie computed combustion efficiency, "C*. for the
three chamber length* investialted in this test series. Over the mixture
ratio ran&e of 2.3 to 2.9 the combustion efficlency echievud in the 24
Inch longer chamber is approximately I.'J percent greater than that miea-
sured in the 12 inci, longer chamber. Increasing the chamber langth flat-
teans out the perfor-aance curves at the extremes of the mixture ratio curve.

%U) Teet firings 43 and 46 were also made with tt,. 011 oxidizer orifice
configuration to recheck the performance of the InS-ctor. All of the
data for firing 43 fell on the previously establishNA curve for firings
37-39. Teat firing 46 was a stability rating test; data slice 46-1 indi-
cates that the injector van performing " expected prior to detonation of
the stabilitw, rating device. Daia slice* takan after tho datonatlon showe
a reduced performance level and abnormal injector behavior as discussed
in the fallowing section.

(C) The computed nozele efficiency nCy for teit firings 30-32 of this
toat series is shown in Figure 3-46 as a function of mixture ratio. This
figure shove that the r1Cy for 31-32 falls on the sarw curve as that estab-
lished for test firings 18-29. The 1C, for test firings 33-34 Is 0.9205
or approitimately 3.7 percent lover than the average Cy measured for the
other firings. The X403668-1 "A' ch••ber was mplcyed in test firings
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(U) 33-34. This chamber has a 4/1 expansion nozzle with a h~a~l-angle of 20
degraes as compared with the 15 degiree spansion nozzle halt angle on Cae
baseliue chamber. Figure 3-47 shows that the average .qC, for test firing
35-39 is 0.955. The date for test firings 43 and 46 a&sb fall on the same
curve aa the data obtained in previous firiugs with this nozzle configur-
ation.

(C)' The nozzle efficiency (17CF3) based on nozzle entrance pressure (PC-3)
for firings 30-32, 37-39, 43 and 46 Is shown in Figure 3-48. The average
ft of 93.50 agrees with the Of 93.0 computed for the 02/12 injector
€ tgurattoo (Teat Series 4).

3.4.2.4.2 Iniector CharaCLWC1.L4•.

(U) The fuel injector conductance, V.IJCF, for test firings 30-34, 37-39,
43 and 46 is shown in Figure 3-49 as a function of the volumetric flow rate.
The fuel side discharge coeffi tent computed from the average conductance
is 0.885 an compared with the Cd value of 0.940 computed for the oam fuel
orifice ring in test firingi 16-28. So,= transducer changes were made b-
tween test firings 28 and 30 and the Cd value of 0.885 is believed incorect
due to the fuel injection pressure meaaurement.

(U) The conductance on the oxidizer gide of the injector assembly is shown
in Figure 3-50 as a function of the volumetric flow rate. The nominal dis-
charge coefficient cowpuied from the conductance is 0.714 which is essen-
tially in agreement with the 0.700 C computed for the O-A oxidizer orifice
configuration tested in firings 18-23. The 0.714 Cd represents a slight
Improvement over the 0.68 Cd measured for the unmodified configuration.

(C) The specific impulse efficiency for the X403829-16 (X403831-1 Mod. B
oxidl;or orif'- ring) is shown in Figure 3-51 as a function of (APOr)O.5
()A).. 0-4 auauredAPs for this series is corrected by the ratio of
(CdJCdj) Tor F.8851Z - 0.886. The peak performance occurs at a nominal
valbs of i..0.7M0

3.4.2.5 Teat Series 6- Firings 35-36

3.4.2.5.1 Performance Data

(U) The third oxidizer crifice configuration (03) tested was the X404047-1
(36 element) ring. This ring had essentially the sawe space factor (W +
We /UI x lOOX) as the No. 2 oxidizer orifice configuration, with approxf-
* sately the eame injection area as the No. 1 and No. 2 oxidizer orifices.
Only two test firings were made with this configuration. Both firings
(35-36) were in the 24 inch longer chamber.

(U) Figure 3-52 shows the measured combuetion efficiency, '7 ce, for the
two firings. The performance in the mixture ratio range of 2.3 - 2.4 is
comparable to that obtained with the 013/72 injector configuration. At the
higher mixture ratio (-2.7 O/F) performance was reduced drastically. This
lowered performance io believed due to excessive penetration of the oxidizer
stream at the high APe/'Pf ratio.
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(C) The computed nozzle efficiency, r'l* for this series agreas with nr•l
aceputed for the prior test seriea ;: shown in Figure 3-53. The fCF3 for
firings 35-36 is 0.935 which compare- with the nominal -lue computed for
firings 30-32, 37-39, 43 and k6.

3.4.2.5.2 Injector Characteristics

(U) The fuel injector conductance, KIJCF, for test firings 35 and 36 is
shown in Figure 3-54 as a function of the volumetric flow rate. The data
for firing 35 and 36 are in good i~greement with that measured during firiugl
30-46. The low discharge coefficient for the fuel orifice I.s still indicated.

(U) The conductance on the oxidizer side of the injector aseembly is shown
in Figure 3-55 as a function of che volvietric flow rate. The nominal dis-

. charge coefficient computed frL,2 the conJuctance 11 0.685 which corresponds
to that mersured for the V,038)1-1 orifice ring used in tent firinga 11-17.

RU) With the limited number of firings and the disagreement in fuel injec-
tion MP's for 35 and 36 the apccific impulse efficiengy wtm nut computed

as a function of injection prtssure loss ratio (Ap) d, ).

3.4.2.6 Test Series 7 - FirinIs 44-45

3.4.2.6.1 Performance Data

(U) The fourth oxidizer orifice configuration (05) tested was the X403946-1,
36 element ring. This ring wes desinged to operato with a back orifice
ring (X404480-l) sasembled into the X4C4408-5 Pintle Tip Assembly. The pur-
pose of the back ring was to increase the L/D of both primary and secondary
orifices by providing a flow channel for the oxidizer prior to injection.
The orifice ring was characterized with essentiully the same orifice shape,
spaue factor and total i.Jection areas as the "B" modification of the
X403831-1 orifice ring. Only two test firings were made with this configur-
ation. Roth firings (44-45) wtre made with the 24 inch longer chamber.

(U the measured combustion efficiency for this configuration was much
Lower th•n anticipated, and ip believed due to insufficienc penetration
of th4 fuel sheet into the oxidizer filaments at the injector orerating
conditions. This is evidenced by increasing performance as the mixture
ratio is increased as shown in Figure 3-56. However, even this performance
is less toan measured with the O1B configuration.

(C) The computed nozzle efficiency, '7 CFl for this series (Figure 3-57)
agrese with the nozzle efficiency compured for test series 3, 4, 5 and 6,
with a nominal efficiency of 0.955.

3.4.2.6.2 Injector Cheracteristica

(U) The fuel injector conductance, KI.CF, for test firing 45 indicates an

orifice discharge coefficient (Cd) of 0.39 (mew Figure 3-54). As in test

series 5 ond 6, this Cd is believed to be incorrect due to the fuel injec-
tion prerc'u"n measurement. The conductance on the oxidizer side of the
injector essambly shows a wide variation with volumetric flow rate. The
Cdo varsatieo it from 0.765 to 0.360 which would account for Lhe reduced

perio manet. CO~fiDeNTIAL
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3.4.2.7 Test Series 8 - Firings 101-102

3.4.3.7.1 Performanca Data

(U) The majority of the development injector firings were made during the
winter months (December, January and February) with propellants at a rela-
tively low temperature (less than 55SF). To check the affect of propellant
temperature on performance the 013/F7 development injector configuration
was reinstated in the 24 inch longer chamber and two teat firings vere made
on 7 July 1969. Propellants vere in the 80'F to 907F tempernture range.
The O1B/F2 injector configuration was previously used in Teat Series 5
(See Section 3.4.2.4).

(U) Figure 3-58 shows the wseasured thrust as a function of the nozzle stag-
nation pressure computed from the PC-i measurement. The data for Test
Series 5 is shown for comparison purposes. The computed specific Impulse

efficiency, 17, is shown in Figure 3-59 as a function of mixture ratio.
Again, the data for Test Series 5 is shown for comparison purposes. The
computed nozzle efficiency shown in Figure 3-60 indicates a loss in effi-
ciency of about I percent when compared with the nominal nozzle efficiency.

(U) The computed combustion efficiency, 77C*. for firings 101-102 is shown
in Figure 3-61 as a ftnction of mixture ratio. The data for Test Series 5
is shown also. Following test firings 101-102 the 01B/F2 development in-
jector configuration was water-flowed at the TRW Systems Capistrano Test

Site. Photographs taken of the water-flow show considerable leakage at the
threaded joint between the oxidizer ring and centerbody. This leakage would
cause a disruption of the normal fuel flow and is assessed to be the pro-
bable cause of the lowered performance measured on firings 101-102. Water-
flow of the injector is diacussed fu-ther in Section 3.4.4.

3.4.2.7.2 Injector Characteristics

(U) The fuel injector conductance, KIJCF, for test firings 101-102 is shown
in Figure 3-62 as a function of the volumetric flowrate. The computed con-

. ductance is based on the asnumption that the data tabulated as PIF-l in the
General Performance Data listing is in reality PIF-2. Using this sesup-
tion results in a reasonable system conductance (measured between PLF and
PIF-2). The computed conductances for the two firings are both greater
than that measured during firings 30-46 and approximately the same as mea-
sured during firings 16-28.

(U) The oxidizer injector conductance, KIJCO, is shown in Figure 3-63 as a
function of the volumetric flow rate. Even though leakage was observed
post-test the computed conductance is in agreement with the nominal value
measured during test firings 30-46 with the 01 orifice configuration.

3.4.2.8 Test Series 9 - Firings 108-110

(This page is unclassified.)
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3.4.2.8.1 Performrnc Data

(U) Folloving the firing (107) of the configuration 1 ablative lined chamber

in December of 1969 (See Volume 1X) a decision was m"do to check the perfor-

mnnce of the development Injector with the 06 oxidizer ring (X404108-1) and

F2 fuel ring. This oxidizer ring had been fabricated and water-floved, but

not tested, during Task I and showed a more uniform spray pattern than vas

observed for the demonstration injectors. The ([ + W )/UW] factor for the

06 o4ý4dizer ring yes 0.60 while the percentage ofPsecogaary flow was reduced

from a nominal 10.C percent to 4.8 percent of the total flow. The number of

oxidizer elements was increased to 48 primaries and 48 secondaries as in the
02 oxidizer ring (X404107-1).

(U) Three test firings of the 06/Y2 injector configuration were made.
Figure 3-44shown the measured thrust as a function of the nozzle stagnation
pressure. The data taken during this series shovw excellent agreement with
the earlier data (Figure 3-3). The computed specific impulas efficiency.
AIsp is shown in Figure 3-65 as a function of mixture ratio and the combus-
teLn efficiency is also Lhown in Figure 3-65. Figure 3-66 shows the specific
impulse efficiency, n as a function of the injector correlating
parameter. The dashJ61ine is for the 02/F2 injector configuration used
in test series 4. Insufficient data was taken t. determine if both
injectors would show performance peaks at the na&= value of the correlating
parameter. It is apparent that this configuration requires a higher fuel
injection velocity at the design mixture ratio than vwa possible with the
F2 fuel ring.

3.4.2.8.2 Injeccor Characteristics

(U) The fuel and oxidizer injector conductances. K•LCF and KIJCO, for
test firings 108-110 are shown in Figure 3-67as a function of the volumatric
flow rate. The fuel conductance of the F2 fuel orifica ring results in a
discharge coefficient of 0.95 which is in agreement with the value computed
for this ring during firings 16-25. Hovever, the 0.95 discharge coefficient
it higher than the value measurad during firings 30-46 and 101-102.

(U) The average oxidizer injector conductance of 5.65 results in a dis-

charge coefficient of 0.64 which is somewhat lower than the discharge
coefficients measured for previous injector development orifice rings.

3.4.3 Demonstration Injector Firings

3.4.3.1 Checkout Firings - SIN 001 Injector

3.4.3.1.1 Performance Data

(U) The S/N 001 injector vwa the initial demonstration injector delivered
to the AMUPL for test. The demonstration injector oxidizer orifice con-
figuration vwa nearly identical in shape to the OIA oxidizer orifice con-
figuration tested in Test Series 3. The major change in this configuration
vas an increase in area by approximately 10 percent In order to reduci the
oxidizer InjectionAP by Apprortmately 20 percent. Injector performance
vwa expected to be nearly identical to that shown on Figure 3-43 for the

013/F2 configuration.

UnCLASSI FIED
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(C) Figure 3-68 shows the measured thrust s a function of nozzle stagna-
tion pressure. The nozzle stagnation pressure Po, is the injector end
pressure (K-1) corrected for an cc 0 2.25 and a "Y - 1.235. Figure 3468
81ao shove the measured thrust an a function of nozzle stagnation pressure
computed from PC-4 (nozzle entrance pressure) corrected for an cc - 2.25
and a 'Y - 1.235. The data for firings 72-77 show good agreement with the
data obtained with the 01B/72 configuration. The average nozzle efficiency.
shown In Figure 3-69. of 95.40 also Is good agreement with the nominal
value of 95.50.

(U) The computed specific impulse efficiency, qIip is shown in Figure 3-70
as a function of mixture ratio. The computed combustion efficiency, nCa'
for test firings 72-77 is shown in Figure 3-71 as a function of mixture
ratio. Data for test series 5 in shown for comparative purposes. The data
are widely scattered and are grouped according to noxzie stagnation pros-
sure. The difference between test series 5 and this series is unexplained.

3.4.3.1.2 Inlector Characteristics

(U) The fuel injector conductance, KIJCF, for test firings 72-77 is shown
Ln Figure 13-72 am a function of the volusetric flow rate. The fuel side
discharge coefficient computed from the average conductance is greater
than 1.04 "• compared with the Cd value of 0.885 computed for the same
fuel injection area in test firings 30-46. In order to try and ascertain
the cause of the very high discharge coefficient the various fuel feed
system conductances were examined. Figure 3-73 shows the line conductance,
based on(PLF)-(PC-1), for various volumetric flow rates. The average line
conductance is about 7 percent greater than that previously measured during
test firings 18-46. The internal fuel injector losses, (PIF-l)-(P]F-2) are
shown in Figure 3-74. These conductances agree with the nominal value
calculated for test firings 18-28 (internal losses were not measured on
test firings 29-46). The low conductance for test firing 77 is unexplained.

(U) The oxidizer injector conductance, KIJCO, for test firings 72-77 is
shown in Figure 3-75 as a function of the volumetric flow rate. The indi-
cated oxidizer side discharge coefficient compured from the average conduc-
tat,:e is about three percent loes than the Cdo computed for the 01B con-
figuration employed on test firings 30-39, 43, and 46. The oxidizer line
conductance (KLO) shows a much greater variation than would be expected.

3.4.3e2 Durability !ring =5/14 W ictor

3.4.3.2.1 Performance Data

(U) The initial demonstration injector delivered to the AFMUL (S/IN 001)
was subjected to a 10 second duration firing to check the durability of
the injector pintle tip. This injector was fired using the modified
X403646-l0 chamber (see Section 1.5.1.2) lined with a low-coot gypsum-
phenolic insulation on test firing 78. This chamber is 6 inches shorter
than the chamber employed in test firings 72-77 and has an L* of 108 inches.

CONFIDENTIAL
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(U) Figure 3-76 shows the computed specific impulse efficiency, 1 ap
a function of mixture ratio. The dat," from test firings 72-77 at 300 poi
is shown for comparative purposes. It should be noted that the performace
obtained an test firing 78 is about the same level as that obtained during
firings 72-77 in a six inch longer chamber duTing the initial first second
of the firing. However, the data for firing 78 also indicates a 2 percent
perforuance increase with time.

3.4.3.2.2 Injector Characteristics

(U) 1he fuel injector conductance, KIJCF, for test firing 78 is shown in
Figure 3-77 as a function of the volumetric flow zate. 7he fuel side con-
ductance is 10 percent lower than that measured on the proceeding six
firings and more in line with what was experienced on test firings 18-46.
The line conductance KLJCF is also lowar than that measured during firings
72-77. In addition, the internal fun': injector conductance, which Is based
on the pressure loss between PIF-1 and PIF-2, is considerably lover than
that mneasured during firings 18-28 and confirmed during firings 72-76.
The fuel side conductance* for all three items, KIJCF, KLJCF, and KMJCV all
show a time dependence during the approximate 10 second firing duration as
shown in Figure 3-78.

(U) The oxidizer injection conductance, KIJCO is somewhat lower than measured
during firings 72-77 as shown in Figure 3-75. The oxidizer injection con-
ductance is time dependent in about the same manner a the fuel injection
conductance. The PLO measurement van not available on test firl.ng 78; there-
fore the line conductance could not be calculated.

3.4.3.3 Additional Firings - S/N 001 Inpjector

3.4.3.3.1 P,-rformance Data

(U) The S/N 001 InJector used in test firings 72-78 was test fired in con-
junction with the X403646-14 thrust chamber configuration. This chamber
configuration wa& identical to the X403646-11 thrust chamber, except for
the addition of the turbulence ring (X404469-1).

(U) Figure 3-79 shows the measured thrust as a function of nozzle stagna-
tion pressure, Po. The nozzle stagnation pressura is the nozzle entrance
pressure (PC-4) corrected for an cc w 2.25 and a Y- 1.235. The computed
specific impulse efficiency, '1s is shown in Figure 3-80 as a fu..ction of
S mixture ratio. The data f•.r test firings 72-77 is shown for comparative
purposes on both Figures 3-79 and 3-8W.
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(C) Us ogmbutiom efficiency for firfage 90-93 Is shown in Figure 3-81
These eoflciencie. are computed uains K-4, corrected to nasal. stagnation
pressure. The data for test firings 72-75 .d 98-100 (see Sectios 3.4.3.4.1)
is shme for comparative purposes. Although the data for tet firings
72-75 are badly scattered they show general agroment with the data obtained
with the 5/9 002 Injector. It appears that the turbulence ring is respon-
sible for about a one and one-half (1.5) percent Increase in combustion
efficilacy.

3.4.3..'.2 Injector Characteristics

(U) The fuel injector conductance. KIJCF, for firing. 90-93 i shown in
figure 3-"71 as a function of the volumetric flow rate. The conductancee
shoen are based on the pressure loan batween the PI-11 measurement and
the 11C-I measurement. There was no PI-2 meaurement during this series
and the PIF-i transducer vwa located in the IF7-IV port which is on the
toroidal manifold 180 removed from thoePI-l port. The conductances for
90-93 show good agreemnnt with the data of firings 72-77 when compared on
the sa basis. The line conductance, KLJCF, shows good qrseinct also
with the data from firings 72-77.

(U) The oxidizer injection conductance. KIJ0O. for test firings 91-93 is
shown in Figure 3-7J as a function of the voluietric flow rate. The data
shows a general agreemnt with that measured during firings 72-78 although
the KIJCO for firing 90 is about 10 jercent greater than the 72-78, 91-93
ave rage.

3.4.3.4 Checkout Firings - SIN 002 Injector

3.4.3.4.1 Performance Data

(U) The SIN 002 injector was the only other demonstration injector checked
out during Task I (test firings 98-100). The orifice configuration was
nearly identical, in all respects, to the SiN 001 injector fired on tests
72-78 and 90-93. The S/N 002 injector was test fired using the X403646-11
thrust chamber configuration (without turbulence ring).

(C) figure 3-82 shows the measured thrust as a ftmctiou of nozzle stagna-
tion pressure. P.. The nohale stagnation pressure ts the injector end
pressure (PC-I) or the average of PC-I/PC-IA corrected for an st - 2.25 and
a Y- 1.235, Figure 3*83 shows an apparent 4 percent lose in thrust Coeffi-
cient for test firings 98-100. This loss was not apparent in test firings
101-102 which used the same combustion chamber but used the disvalopment
injector (01B/Y2).

(U) F•gure 3-84 shows the masur%'d specific impulse efficiency as a func-

tion oi mixture ratio. The S/N 002 injector perlorme as well an the 01B/72
dmvelopment injector configuration if the computed specific impulse effl-
ciencies are corrected by the ratio of nozzle efficiencies shove in Figure
3-83. The combustion efficiency, 1ce for test firings 98-100, ia shown in
Figure 3- S5 as a functlon of mixture ratio. The IC* Is based on a Po cow-
puted from PC-1 or the average of PC-I/PC-1A corrected to noezle stagnation
for an tc - 2.25 and a V- 1.235. The combustion efficiency of the S/N 002

injector io about 2 percent grdater than that measured with the S/N 001

CO2iTA
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(U) injector (shown as the dashed line), although the data from teat firings
72-75 are so widaly scattered 6aat the comparison is somewhat clouded. The
combustion efficiency of the SIN 002 injector essentially matches the pox-
formance obtained with the OlB/F2 injector configuration in firings 37-39,
43, and 46 (See Figure 3-45).

3.4.3.4.2 Iniector Characteristics

(U) The fuel injector conductance, KIJCF, for test firings 98-100 is shwn
in Figure 3-86 as a function of the volumerric flow rate. The PIF-1 mea-
surement (fuel inlet) listing in the General Performance Data was actually
Located on the PIY-2 po:t. The average KIJCF of 5.85 is approximately 4
p~trcent greater than the KIJCF computed from the data on firings 72-77. wid
90-93. The KLJCF measured averaged 3.47 which is in good agreement with
the data taken during firings 72-77 aad 90-93. Figure 3-87 shows the KLJCF
for this test series. The oxidizer injector conductance, KIJCO for test
firings 98-100 is shown in Figure 3-98. These measurements show general
algrek-'mnt with the data &enerated with the S/N 001 injector.

1.4.4 Injector Hydraulic Tests

(I1 The three basic injector configurations used In the Task I test program
were hydro-tested at the TRW Systems Capistrano Teut Site following comple-
tion of the hot-fiting teits. The three injectors water flowed included
the X4U]666-1 (facility checkout injector), the X403829-16 (OB/F2) develop-
ment injector, and the X4 04056-1 (S/N 002) demonstration injector.

3.4.4.1 Faciliit Checko!Lt li .ctor

(01) Water-flow of the facility checkout injector wats conducted at 100 per-
cent of rated flow on th- fuel side of the injector and 100, 90. 70 and S0
percent of rated flow on the oxidizer aide of the injector. T'hc experimen-
tally determined discharge coefficients for these tests are essentially in
agreement with those determined In August 1968 prior to shipment of the
injector to the AYRPL (See Appendix A). The fuel aide discharge coeffl'ient
at 100 percent of rated flow was 0.980 while the lischarge coefficient on the
oxidizer side of the injector was C.725 which ,fs in agreement with that
measured earlier. The spray pattern produced by the oxidizer orifice ap-
peared to be similar to that observed previously.

3.4.4.2 Developuent Injector

(U) Water-flow of the development Injector assembly (O1D/F2) was conducted
at 100 percent of rated flow on the fuel side of the injector and at 100. 90,
70 and 50 percent of rated flow on the oxidizer side of the injector. The
measured discharge coefficient on the fuel side was 0.875 which is in
agreement with that observed during test firings 30-46. Water-flov of the
oxiditer side of the development injector assembly disclosed a slight lea-
kage betwein the threads of the orifice ring and the injector centerbody.
Figure 3-89 is a photograph of the water-flow of the oxidizer orifice ring
at 100 percent of rated flow. T•e injector pressure lIon data for this
water-flow test series is shown in Figure 1-90 as a function of the volu-
metric flow rate. The calculated discharge coefficient, Cdo, for the water-
flow was only slightly greater than that measured during test series 3.

UNCLASSIFIED
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The oxidizer leakage between the threads is assessed to be the probable
|I cause of the low performance measured during test series 8 (101-102).

.3.4.4.3 Demonstration Injector

(U) Water-flow of the S/N 002 demonstration injector was conducted at 100
and 22 percent of raced flow on the fuel side and at 100, 90, 70 and 50
percent of rated flow on the oxidizer side of the injector. Figure 3-91
shows the flow through the oxidizer orifices at 100 percent of rated flow.
The individual streams appear to be somewhat broader across the top of the
keyhole than the O1B injector configuration (See Figure 3-90). The fuel
lide coefficient was calculated to be 0.925 as compared to a value greater
than 1.05 computed for the fuel side during firings 98-100. The oxidizer
orifice discharge coefficient was nvarly identical to that measured during
firings 98-100. Figure 3-92 shows the injector pressure loss data as a
function of the volumetric flow rate.

, .. - .• . : ..t ' •

A,*a i* I "•j ..- ".• •:

X!. 46.,

(U) Figure 3-91 Water Flow of Demonstration Injector S. N 002 0 . 0% (U)
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(U) Figure 3-!92. Injection Pressure Loss,
S/N 002 Dlemonstration Injector (U)

(U) Based on the hydraulic tests of the SIN 002 demonstration injector
and subsequent long duration firing (See Volume II) It w~ould appear that
the high fuel Injector conductance (KIJCF) and oxidizer Injector conduc-
tance (KIJCO) and the low Cf efficiency iu due, at least In part, to an
erroneously high chamber pressure measurement.
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4. SCALING

4.1 GENERAL

(U) The MCD Launch Vehicle concept is predicated on the ability to
scale the engine designs over an approximate 100/1 thrust range, or from
50,000 lbf thrust to 5000K lbf thrust. Both the performance and combustion
stability of the engine design must show the feasibility of being scaled
over this thrust range. The TRW Systems approach to the scalable engine
design is to maintain hydraulic similarity of the coaxial Injector and
geometric similarity of the combustion chamber using the scaling model
which has been developed. Point designs of several site engines have been
completed and various fabrication anti performance parameters have been
correlated with existing information and data.

4.2 SCALING VERIFICATION

4.2.1 Momentum Correlation

(U) The momentum correlating parameters, as modified after Reibling's
correlation, indic;4.es the m.iximum mixing efficiency for the range of
the variable invwstigai~ed. Utsufficient data was taken to accurately
predict peak values. Correlation of this parameter for various injector
configurations (36 element vermu-, 4M element, and for various percentage
blockage) hau been rttempted but has not been completely succe.ssul.
Mixing, or Atomization, appuars to he stron,;ly dependent on not only the
oomentum ratio but algo on the absolute injection pressure level as
evidenced by the lowered performance when the flow rates were throttled
back to give chamber pressures of 200 paia.

4.2.1.1 Effect of Number of Orifices

(C) Both 36 and 48 element oxidizer orifics rings were evaluated during
ti., injector development task. The performance of the two configurations
art, within I percent of earh other in the 60-inch long heat sink chamber
(Figures 1-4. and 3-',l). The 36 element oxidizer orifice ring had a
60 percent blockage to fuel while the 48 element oxidizer orifice ring had
a 67 -ircent blockage to fuel. This factor probably has a greater effect
on pe lormance than the number of orifices (Section 4.2.1.3).

4.2.1.2 Location of Secondary Orifices

(U) The, location of the secondary orifices does not appear to be a
siintficant injector parameter, at least for the changen inventigmted in
this program. Both the O0A and 011 oxidizer orifice rings performed
identical and the only change between the two configurations was in the
lorntion of the secondary orifice, The 05 oxidizer orifice ring had a
major relocation of the secondary orifice but also had a flow straightener
ring added which precludep any evaluation of the effort of the location
of the mecondary orifice.

CONFIDENTIAL



',q _ II~ 199-6fl06-IS-00
SL UPage 4-2

4... Spacing

(C) One of the more important Injector parameters is the spacing between
elements or blockage to fuel flow. Elements with blockage percentages
of 50 percent to 67 percent were evaluated. For the orifice configurations
employed in this program, the optimum percent blockage appears to be about
60 percent. Only two tests were run with the 03 oxidizer orifice ring
(Test Series 6) and the performance of this configuration i" inronclusive.

(U) The orifice shapes for all development injectoe configu.ýations evaluated
were sosentially the sam (keyhole), and had the same rincg'all thickness.
The facility checkout injector had an orifice wall thickness about 50
percent that of the development injector configurations and the injection
spray pattern was obviously different. This aspect of the injector design
requires further study.

4.2.2 Throttling

(C) Test data was taken for several configurations over the pressure range
of 200 psia to 300 paia. For fixed area injectors this results in an
injection A0 decrease of roughly 50 percent (correcting for increased flow
rate due to loss in performance). The best estimate of this performance
loss is nearly 5 percent for a decrease in injection pressure by 50
percent.

(U) The nasa oedian drop radiue (see Section 2.1.3.2) would be expected
to increase by 30 percent for this decrease in injection pressure. The
one-dimension&l vaporization rate-limited combustion efficiency analysis
indicates chit the expected loss In performance would be 5.5 percent for
a decrease in chakber pressure fron 300 psia to 200 paia. Thus, the
injector a? can be seen to be a very importan m,-•.eter in determining
the engine performance.

4.2.3 Effect at Chamber Length

(C) The chamber length is probably the most important element In the
determination of engine perfomr.ince. The test data Indicates that the
overall process occurring In the combustion chamber is vaporization rate
limited. The correlation of chamber length as a function of chamber
diameter originally proposed and given by Equation 4-1

L - 1.45 D where (4-1)

L - length betwren i=pingmnent plane and throat plane

appears valid for engines up to 250,000 lbf thrust.

i d 4 1 D .- -, 7 1 A L
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(C) The use of a one-dimensional vaporization rate-limited coubuetion
efficiency analysis (Section 2.1.3.2) indicates the use of the original

Alength correlating parameter predicts a combustion efficiency for the
3000K lbf thrust engine that is 4 percent greater than that of the 250,00U
lbf thrust engine. This suggests that the L /D parameter should vary
witb thrust level especially for ichrust leveTs greater than 250,000 lbf
thrust.

4.3 DESIGN AND FABRICATION

* 4.3.1 General

(C) Three point designs, Figures 4-1, 4-2, and 4-3 were configured. These
designs are based on achieving a specific impulse efficiency of 90 percent
(based on theoretical shifting equilibrium values) with the N 04 /UDMH pro-
pellant combination at a chamber pressure of 300 psia. A nominal mixture
ratic (0/F) of 2.60 was selected. The chamber length was determined from
the relation, L./Dc - 1.63. The ablative liners were sized for test dura-
tions of 120, 2bU and _,5 seconds for the ctage one, stage two, stage three
engines, respectively.

(.) Figure 4-4 shows approximate dimensions for combustion chambers
in the 50,000 lbf to 5000K lbf thrust range as a function of thrust level.
The various diaweters and lengths (except for chamber length) are geometric
scalings of the dimensions of the 250,OCO lbf thrust (vacuum) demonstration
hardware tested in this program. The chamber length is based upon results
of a vaporization rate-limited analysis as discu&6ed previously. The nozzle
length is for a 15-degree half angle expansion cone.

(C) The fuel and oxidizer orifices zre determined from the required
injection velocities (AP's), spacing, pintle diameter as shown in the
following example.

F - 3000K at sea level, c - 4/1, O/F - 2.6

Wt 225 300 13,300 lb /sec

D - 0.4 113,300 - 46.2 in.p

The fuel injection .rea may now be computed,

A - 13300

f (1 + O/F) 49.5 Vf

Vf - 96.30 Cdf 760/49.5 for 6Pif - 60 psi

Sf" 106 ft/sec for Cd f 1.0

A - 13,300 or 101.5 sq. in.
Af - (3.6) 49.5 (t06) or00105q.in

Ar 2 21"•;A• - x,'4 D -D

0 1Dfm Dp I
101.5 v D f D 2 - 46.22]
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(C) 129.5 + 2130 - Do
2

47.6 •n. or

T h 47.6 - 46.2 0.7 In.Tfah - --- 2----O n

The total oxidLzer Injection area to computed in the saw manner seuaxinz
a A? 4 of L2O pas and a C do of 0.70.

V - 96.30 x 0.7 A'20191

V - 77.8 ftWoee

13,300 1 - T + O/L - 1.36 ft 2 or 196 sq. In.
o (91) (77.8)

The primary oxidizer orifIce area is selected as 90 percent of the total
¶ or 176,5 square inches

Aemuwe that L /W v 2.0
p avg

0A w L Wa 2.0 W

176.5 1/2 - 1 W

36 avg
.1 2.2/1.41 - Wv - 1.56 in.

avg

L -p 3.12 in.

I D
IW . -- k

36

IUN . w 46.2 4.04 in.
36

(W (Vp+ *e)/U 0.60

•" . W + W •-2.42

P

p .

p -2.06
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(C) The priniary oxidizer orifice is keyhole in shape with an ere& of 4.90
square inches. The W p t 2.06 inches with an L of 3.12 inches. The W
is approximately 1.50 inches wide. The secondd'y oxtidizer orifice is 4
proxim~ately 0.36 inches wide by I.'S0 inches long.

4.3.2 Fabrication

4.3.2.1 Prousurk SelI8ll/IrIjectvrs

(u) Trhe designsi of large combustioni ch.subers were siubmitted to various

commvrciail fabricators to determine tile feasibility of fabricating the

large structuries. It i!* concluded that the designs shown are practicable
for 4 number of materials, includIn& R4Y-14U and United States Steel T-]
steel alloy, using current Quoiercial fabrication techniques. Sizes up
to 3000K lbI thrust du not require any long material procurement lead times
fur special &age steel utivets nor does the handling or transportation of
thi'. engine size create any special problems.

4o .2.1.2 Ablatkv%: Lincri

(U) A number ol Ablative l iner 1ijhricat ion And iit lltnrrthd hJiv(
bns tudi cd for tile visrlI u-s t Iiru-4t -1LZV tng i ne kfor ti.. 3001Wl IM

Ehrli't `ngknr .eiize there .are' %t(verjl metlhod, whiiii Are feaiiiblv. T1 1'
matetr 11 14i whli h ippveir &pp' I-shl v iar tie %.1 I I I-phaelh Iile (hroatigoodi,

tape. molding caumpoiuri, )r a.th')filled %il it --n4-ruhbbri; and in soi
~appi ic-t I.na abet-t. ho.. lb.' h arcat I"n nwt hoda App)i c(allI v
for eath ., thre u.iterLiai I Iia'4.5 Irv- dim(uPOsed I, ~II tie f l 1wing' Nettioknt..

4. I.!2 'li-h.l~M.terialt.

W)¼ Th' 'il llca-phenoli m.iterialia .1pp4er to he th.. only m-itvri-il :0 cvpt~abl

.as a thro at Insert for f Irst stage engines (approxits-itely 140 s4-ondr, burn

t me ) ;maiil*2r thian 2'jO *0(0 lb f 'Ehrust . Thes~e throait i tawrt s c ou id be tae
wrapp~ed on k.1 1 e uMind re I eit her aut ye Iavved or hvd ri, I avid cur vd ,mat hi nud

.ini -itcond-irily bonded Int -the Vre-,,urv nmbl . Ifb. only l imitation oni
throat knqert size is cit' *ivaul~ahility of wrapping and1 curing facilities.

lVresently. components !or the 3000K engine size appear feasible.

(M rh broadgoodn forn of s 11 ic~i-pheniol ii a.-iteril; ii' appear advu'u1LaK4.oUt4

in Areas where the br-ladgmldst can Ile Installed using a~ bind lay-up tot'hnlque.

especially where the. p~irt r.a0n be cured inaaitu at low pressure.

4.1.2.2.2 Fllled.'Silli'ne Rubb.?r

(L;) Div' f illed-sllic-lui, rubher-i can he readily casit into the mheil tind
bonds-4 .al aul taneouslIy tr as iit &t segment S and bonded Into t he llhe I after

rure. Trh filled-kil Ionie rajbberq lshow promise a. -i thinat Insert, enput-
L.illy for first stage engine. %Jem larger than 250,000 Ihi. The primary
application of these materials will be in the exit rnnes where weight Is
very Important and the contoured expansion section ran he readily Maintained.

(U) The silicone rubber bonds very well to both the pressure oihell and

other sillitone rubber components. Neither the sixting or ra'itIrg of large

CONWID~162TIAL
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(U) shells or aegments appear to be insurmountable problm. Care amnt

be takel to avoid entrapment of air during the casting process vhich is
possible through the use of proper tooling.

4.3.2.2.3 Other Materials

(U) The castable silict-phenolic materials ouch as Ironsides Resin Co.,
Dp-5-161. can be fabricated into components in the same manner as the
filled-silicone rubber. The ablative performance of this aaterial is very
good. Kowever, the shrinkage and cracking problems associated with this

S ' aterial (see Volum I) must be resolved.

(U) Silica-phenolic materials are also available as molding compounds
and as such could be molded into segment& or "tiles" and bonded into place
on site. Proper mold design and joint configuration would allow for net
molding of the finished segments to provide a reliable joint In either
the Longitudinal or circumferential direction.

(U) Aabewtod-plenolic materials, although showing relativ,tly poor per-
formance in this program may have future application because of their
lov-cost. Most asbestos-phenolic materials are available as molding
compound* and could be fabricated in the same manner as the sillic-
phenolic molding compounds.

',].L.2.4 Adhesives

(U) A major concern in th,, secondary bonding of molded segmente into
the prv-s-sure shell it thr choice of adhesive and out-of-roundness of the
metai nhell. With the use of relatively thin shells strain incompati-
bilities exLit at the bond line and bond line thicknessem vary due to
ciwhe ot-of-roundness condition. It appears that ume of secondary bonding
technique will require special tooling and adhesive development.

4.4 COS,: AND WEIGh7S

(U) A welit .and coqt estimate ham been made for each of the point
des0_•n eng jr nzem .ind is given as Table 4-1. The mAjor concern in the
tie Igri of these engities is the material choice for the enginie assuming
th., . the ongine 40ze depends on whether it is a first, second. thrid or
even fourth stage engine. The materialq studied include IllS T-i, HKY-140
and -i 20U grade m.araging steel. The us," of Haynes 25 an a radiation-cooled
skirt was also investigated for the upper stage engine. The point designLA •os. and %eight are bdsed on tl~e use of raY-140 throughout, except for
tt'e radiation cooled nozzle extension (Haynes-25) in the 57,800 lbf thrust
engine

(r) It should be notcd that the chamber length L , of the prelivinary
designm were all baned on a L /D ratio of 1.63. eA. noted in Sr.tiuon
4.2.). this value Is greater NhA the original mcoling length/diumeter
ratio which is also Pqtimattd to h, too great for engine sizen larger
than 250,0M0 lbf thrut.

4.2.,-(This page is -..classified.)
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4. 5 COLMSTOIM IPEROR

(C) The correlating data indicate mass median drop, raidius, r.
of 207 ricrons for a proposed 3000K coaxial Injector. The one-dimensional
vaporization rate-limited combustion efficiency analysia of this droplet
size tn the 16.0-inch chamber (L /D a 1.16) Indicate a combustion efficiency
of 93 percent (89 percent I te±fi iency) as shovw in Figure 4-5. The
vaporization rate-lialted uinlysi9 does not consider incrctaed vaporization
due to secondary droplet breakup which would result in increased performance.

(C) The performnce of the 3000K injector could be improved by (1) increased
chamber length, (2) increased injection AP (100 psi was assumed for the
baseline case, or (3) increased nambor of oxidizer injection orifices.
Increasing the chamber length increases engine weight and cost (since the
ablative cost is the largest single cost element of the engine). Increcaing
the injection WP's increases the stage weight and possibly the cost but
appears to be more effective than increasing the chamber length.

(C) Increasing the injection AP for the oxidizer orifices to the 120 psi
destgn injection 4P decreased the acs& median drop radius by the following
relation.

r % 14 / or (4-1)

1! 2 m-P in the (is/n) (4-2)

reo.tLn4 constant. ThuR. the r At A IP of 120 psi would he 93.4 percent
of .'()u or 193u which I1 equivalent to increasing the perforsance by one
pwr:ent.

(C) Increasing th6, rumber (if oxidizer orifices at the name time an
incr.asing the Injection IP from 100 pai to 120 psi (assuming mixing
efficiency can be mAintainrd) is also bene!icial in increeslng performance.
The massq median drop radlus Li given by Equation 4- . This results in
a ratio of Ir 12 /(r I for a 48 element oxidizer orifice ae follopw:

r rn 1  1 ,IJ

- 1.9311 1.9341

- 0.869

The r is therefore 1I8O microns and the predicted increase in performance
iS approximately two percent.
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4.6 COK3USYCIOM STARILITY

(U) Kinimiastion of en$ine development cost is strongly dependent on the
inherent dynamic stability of the engine design which is to be scaled.

As noted earlier, the centrally located coaxial injector design has been
scaled over a 10,000-to-I thrust range (25 lbf to 25ý0,O00 lbf) without
a single occurrence of Injector instability.

(U) During this program (250,O00 lbf) the injector was subjected to 21
combustion stability rating tests with multiple disturbances being induced
on a number of tests (Reference 7). There were no instances where the
induced instability waa not damped and it was concluded that the injector
was dynamically stable.

(U) Analytical studies do not indicate any combustion instability problems
when the engine it scaled to thrust levels in the 250,000 lbf thrust to

0O0OK lbf thrust range.
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5. CON~CLUSIONS

(U) This section presents TRiW Systems conclusions based on results of
design stu.dies. un evaiuation uf fabrication methods. and on Analyses of
hairdware purformadnce dizring the Ta.-k I phase of the Injecitor/Chazaber
Scaling Feasibility 1Prograz.

(C) The coaxial injc-tvr cLuncept. demoinstrated a test site specific impulse
of 89 percent of thruretilL4I (currealponding to 9U plus percent vacuum I )

Thm must vignhflcarat vtngi devign parameter with reapet to engine u

perfurmAnce w~a the. cn~amber leingtn. Increasing thv length/diaiscter rAtIo
from 0.935 tj 1.54 (wfliiih Is slighlrcy gremater than the 1.45 xcallug fact )r)
win rv-sponutble for -in eppruxistte four (;q) percent increase in performay :e.
The IumbusEiun prucwsv appearv to be vaporl.,at Ion rdtt--]Irulted and tile
pt-rformincu .it the vanrou OU -hA~br lengthsi can be a-orrelat cd thirough the
line Of a uiie-i Lmens ri.nA vaporIzat lon ratec-limited coihusit Ion modelI

0, )do iut ia Mri~ t-A r It I 1 m1U ab oI ut v Inj r, t i on 11r,..but v I t.vveI wt.'rv hoiwia
t-, be 1ImpurtairT lit]%- ion p.ardmrterMi. In tilie Uabimle I~ ./D uni~ the'
pterformar~t.te w4%. very d.-pvndvnt on tile momentua r~it III (obtaint-d Iby v;irvilig
mi xt ur v a tit:h L vllvvrvd pe r I r3JI1 he'.. ava Ivc, .. dept-irdten urit
moui.ettum rat io ., thit .; .tr I.",) w.%-. tr reabitd. I h . a- t fA.%.i If ul't''Au
inje*l: 1l~ii prris.uAf? wa.i- ..h. en Juriang tr%t a In whl( itI it- t hiamli,v prc-rs'uiv

wa'. Jet rej'4d It appr xi-. it * .l .i i .a, (otit~aintd Ily dvt rr'r.iog. ltutu

fly- raite thrutjigh t I i ain:. ti, t rift 1ce'b . Thi-re wa. vii .approxim~ate
A prmnt Lou,- In I v. H I t1,iný N .a' t lit, Iinjer t un prens.ures wert' reduct-d

tu.t"t50 pvr. elt 'Irilla vailue'.

0'i All artif , -allliy In. !- o,! prvs%'irr d aiet.rhar.. o-,, whol her India. cd hy
p-i eC -litinnf orZ ni nu-dlr- I '... ia - t - .- Imped wi th 111- II r..qu itd PtIl'iI ALL

r lrarri.i of '60MII) ~ I %-',-.> nd .0. Fl,-rra wereru Ino nt ~an, 4-- (4 Japufi sinvous
'ighuitjt 1,n Init~abi I If. e*.e'r thouM ih tr ?,e id'mu%t tit,.- I.mnber lvvy~t 1 -IN

v-1ried .ini the' injr!.,r wrii 'perat#-i -ver a w~du r~injtv (it milxt ure' ralt Will
.ini perfo'rm~ance' I cve-1 'a. Tre I' ., rv evdf r tar , bAugi-tet t hat thE l ie (xI aIi
I n vc(tur wi I II .t ht- iynatat-s alII -i t ab tIP a t te It# hI gliar I hir u t I evil..As

IfU) Fle *Icai~n ind f ."ri at lur of the developmni.rt inerewairt' (Inje'ctor.

low -co st -imerci~al fi`.hri..tato tot t' hnlue'R rould piodur.- acceptable' hard-
ware for the pr ýgr~ir. 7he ;qe. of an electr ical dain( ierge mac~iiniig
Process ftr 'i~ichining the xidizer orific en relaul td In uniform i~rI IIces
with IC,. than A 1-1 2 percent varlit ion ina total larpa for the' three.
dommonntratiton Inje- t.r' whitch wore fihricated.

( U) Soau' addit innAl minImil Injector dove~lolpiinrt f-1fort !;; !fldiiiitpU
to itinimize the propel lant mAaldiastr~hut Inn whic-h I% axtii@ I by thV' hn~tkI

fuel inlept and fuel nuainifold. A re'iizing of the internal flow piaaaoleai
on hEli fuel side of the injector lit indicated. The propellant umaldintri-
but ion Is milniftlited A-s unsyeisitria] wall environmernt . (hi~her r-i -ver-y
tempe'raturesa) in lo., lizei rogionts in addit Inn to rc-dui ed pprformaneA due
to "I variations.
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(U) Further injector developeAnt is slw needed to optimize injector
p.irformance, primarily in the area of the oxidizer orifice spacing (percent
blockage). number o! orifice, and oL ifice shape.

GCNFiDpEis TL L(rhIu page. 1' unclauuxfirui, p
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APPEDIDX A

FACILITY CHECKOUT ENGINE DESIGN

1. ENGINE DESIGN

L.1 GENERAL

(U) In addition to the design and fabrication of the Task I development
hardware TRW modified and delivered an existing 250,000 lbf thrust engine
for stand mock-up and checkout of the High Thrust Test Facility l-56).
The existing engine had been tested in 1967 at a chamber pressure of 60
pal& and approximately 20 percent of rated flow (Ref. 1) under Alr Force
Contract AFO4(611)-11382.

(1) Analysis and devidn of the engine was initiated at the start of the
contract to deteraine the required modifications to the engine and allow-
able operating conditions. The objective of th.s effort was to provide a
modified existing engine which was suitable for repeated short duration
tests at rated conditions. These tests results would then provide some
design criteria for the initial development injector configuration (prior
to completion of fabrication of the initial development injector). How-
evur, tests of the modified thrust chsisber assembly were not completed in
ti•e' to allos any design changes to be incorporated into the development

injector.

1.2 250,000 La 7 THRUST FACILITY CHECKOUT ENGINE DESIGN

(U) The 250,000 lb thrust engine is shown in Figure A-i prior to testing
at the TRW Capistra&Ao Test Site in 1967. The eonins consists of two com-
ponents; the centrally located coaxial injector and the uncooled thrust
chamber. The modifications required to each component to allow operation
at rated conditions are discussed in the followini sections.

1.2.1 Component Destin - Injector

(U) The design of the modified injector (X403666-1) is shown as Figure A-2.
The redesign wea based on providing the nominal chamber pressure in the
existing chamber which had a throat diameter of 27.0 inchos, The propellant
inlet interfacue were coordinated with AF1U'L personnel prior to the modifi-
cation. The single fuel inlet vas retained; however, the 5 inch diameter,
150 lb ASA. slip-on flonna was replaced with a 6 inch diameter, 300 lb ASA.
welding neck flange and 6 inch schedule 80 pipe. The fuel manifold was re-
placed with a manifold constructed of 6 inch diameter, 90' elbmws, of sche-
dule 84) pipe. The maxil.mu velocity in the annular inlet fut~l manifold in
24 *ft/' e' a-t rated flow. The 8 Inch diameter, l50 lb KSA oxidizer inlet
flange was replaced with an 8 inch diameter, 300 lb ASA welding neck flange.

(G) The machined flanes, for attaching the injector center body to the
outer injector housenK were changed from i/Z-i.ch to 1-inch In thickness.
Twelve g'meet stiffeners are welded between the oxidizer inlet flange and
the machined fianges, The oxidizer diffuser plug wan repositioned to pro-
vide a primary orifice opening of 0.88 inches. An ablative pintle tip of

UNCLASSIFIED
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(U) MLAVEG 41?F cement (d'ib !cs-pheniolic) was fabricattd to protect the
diffuser plug !ro, the therinal wvirotuzent. 'Mit reworked injector is
suivum ta !igure A-3 prior t.. ahipswat to the ARPL.

1...1kvdraulic T~er-Injecror

(1M A fixture for hydrostatically

pressure checking %.he injector. fabri-
cdtwd from coiwiercial pipe sections,
w"s used to preasure clieck the injec-
ter at 415 psi. Blank flanges were
used to seal! both propellant Inlets

z" ~ and the fixture was bolted to the in-
lector-ch~r.nbor sating flange which

7 scaled thr. Inje,:tic-n orifitces.

0 () W.Ater-flow testq were conducted
At thet Csjp1strano Teut site prior to

.0 ahlpnwtit ul the injector to the AFHPL.
Mhe I n ec ror was not water- f loied at

- ~the aiot-d condit.'onu because of facil-

Ity l111t atin 1"1. t the time of teit .

The Injec~tIon piresurr loop** are

:rr injection orifice area In 13.29 sq.
.Inkhro. Ther diffuser plug is welded

-~ i:,v a wvito II o wh Ih covers 0.12
inches of the 1.00 inch primary orifice

P).7S q.Inches. noe annular open-

Ina varies fi vm 0).2h0 Inches at the
-- fisel inlet to 0.270) inches at 180
- . degrees f roi the fuel inlet . 711

loom mperiraentally deter-mined velure of
the diarhartre cnefflident for the

WU) Figure A-). Reworked 2 1) I fh 1rnj.rti~n orifices are 0.74 for the
Thru~t Injvctor Prior t qlilr -i~xdirer PIleuent A'nd 0.99 for the
sent to AFRPL (rhto h.hA)-$AA,(1 fuel 'rif, #'

(U) A ptictograph of the Injection opra7 patteri. watipr floving through
both fuel and oxidtser ortficce% I* shcrn In Figure A-5. at wanter flows
equivalent to the throttled conditions. When the oxiditer side of the in-
jector is water-flawed individilleII the mecondery flow is shown to fan
circuaferentiAlly after leAvina the orifice (Filgure A-6). noe upstream
region* of the primary orifices sre nat ccmpletely filled. In Figure A-S
the f(cm thrauil hEli oxidixer orifices tondA to fil; the orifices and to
spread circumforrencially to form a umifoL-a cone clocm~ to the Injector.

1.2.2 Compon~ent DoitLan - Thruat Thaniher

(U) The exiating TWW thrxsmt ch,%hor (X4fl34,AR) shown In Figure A-7 was d&-
livered to AYRPL on IS July 1968 for modification. The chamber to coratruc-
ted of 4130 stool. The only structural swodifICAtion required to the thruat
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(U) chamber, to enable operation at the rated conditions, consisted of the
voLding ot gusset etitfenetm tJ,/+3bb6-lZ) at the injector head ehown oa
TIW drawing X403668.

1.2.2.1 Kadification I - Thrust Chamber

(U) After completion of the initial ten facility checkov~t firings the in-
jector and thruat chaAber were returned to TRW System8. The thrust chm-
"bar (X403668) waa reworked to be compatible with the oievtlopsent injector
at the 16 inch flange attach point. The chamber waa lengthened 12 inches
in a sannec similar to that employed for the heat-aink co•buation chamber.
The nozzle extension wat lengthened (20* half-angle) to provide a 4/1 ex-
panalon ratio nozzie by adding a conical seqtIon with an exit diameter of
54.0 inches. This mrdified chamber was employed in test firings 33 and 34
only.
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1. AfRPL-Tt-65-46. "Advancement of Injector and Thrust Chaioer Technology,"
G. A. Voorhees, Jr., TRW Systems. Decrvnber 1967, Confidential.
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APPENIDIX 9

,• THZRA ANdALYSIS OF 25O0,00 LB

THRMIT RUAT-SINK ENGINe COMM'IUKA•TION

1. PREDICTED HEAT TRANSFER COEFFICIENT AT NOZZLZ ThROAT

(U) The convective heat tramafer coefficient along a thruat chambek, wall
can be -alculated in many vayi, using any number of currently available
theoretical cr empirical models. or modiicationa thereof, or it can be
obtained by extragolation from available test data. The following predic-
tad value arbitrarily is based on the &art& short for" equation (Ref. 1)
with the Sam properties arbitrarily based on a film temperature, taken aa
the arithmetic average of the local static temperature and an average inside
surface wall tempersture. The local atatic temperature is calculated from
an estimated recovery tewperature which ta based on teat data obtained with
the TRW coaxial injector. It should be pointed out that the effect of tem-
perature on the calculated value of the h-at transfer coefficient, h., for
the UDMH/N 20 4 propellant coebination i& of secondary importance. The pre-
dicted value of h is then compared to that corrected from available date
obtained using ahigh performing coaxial injector at a chamber pressure of
300 peot.

r.02 .2* C C C A,

Dt

Theoretical performance and gum properties at a mixture ratio of 2.b for
N204 /UDPGI at 300 plsi are

C , 5596 ft/sec (shifting)
T a 5930'R
c
C - 0.466 Btu/lb-*F (frozen)P
Average molecular weight - 23.6 lb/lb sol

Primary gas constituents

sol fraction

H20 .334

N 2  .285

CO .129

CO2  .086

,* Throat diameter - 26.1 in.

Throat radium - 11.5 in.

UNCLASSIFIED
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(U)4 (2)(U9 *r • -5(2

•. • (3).

I P ft-lb

- 15* 44lol. wt - 1544/23.6 - 65f.5

1.1
1-65.5/(778)(.46b) * 1.2

Pr (4)(1. 22).081
(9- )(1.22)-5" .1

For a steel thrust chamber, the inside surface wall terperature during a 2
second firing is approximately bOO0"F. The gas recovery temperature, based
on test data obtained with the TRW coaxial Injector, is approximately 4200R.
T-le gas static teuperature at the throat is therefore

static" stati cT sttica 400 at . 400 .9 3780"R
!trotal

The film temperature ls

T + Tstatic 1460 + 3780
f 2 2

The factor, v . which accounts for gas density and viscosity variation
across the boundary layer is determined from charts in Reference 1, for a
ratio of wall temperature to recovery temperature of 0.386, and is approx-
imately 1.25.

(U) The specific heat, C is estimated to be 0.42 Stu/lb-*F at a film
temperature of 2620*R. This value is estimated by noting that the effect
temperature ham on the gas constituents as temperature is decreaued from
5930"R to 2620OR is approximately 10 percent. Therefore the C value of
0.466 Stu/lb-°F is decreased by 10 percent.

The viscosity, p , is estimated from Reference 1.

-A (46.6 x 1010 ( 1/2 (Tf).6 (4)

-A(6610 11 (in (T5

(46.6 x 10 ) (23.6)1/2 (2620)"6 - 0.254 x 10" lb/in-sec

UNCLASSIFIED
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(U) Substituting into Equ~ati~id (1) for PC- 300 Piat and C* - 5230 ft/sec

- 0.026 [,-u.2 s6 Ko 5O) ,(o 4 2) 1[r(3oo)( 3 2)1 . (26.~ 1~l~az
£ l(26.1)*2  (0.817) .6 JL'_ 523 11. 0)ý.25

(1 92 * 1.0861 in 2-pec-*r

This calculated value to somivw'.;t lower Casa, experimentally determined
values obtaiiied with a TRW coaxall injectou desig1 ned for a chamber pressure
of 300 plai. Corrsc-Lng the exparimentally determined value by the rario
Vt.2 for th* chamber resultsa In an ostinatdd value of h, of 1.54 x 10-3

Btu____ for the M5k chamber. It is recommended that a value of

in 2.- s ' approximately 1.58 z 10 tu be wood for the 250K
*ngine until further __Y77. experimental data to

obtained. i sc

2. THZRJ9-L ANALYSIS

(U The results of an approximate the~rmal analysis of the 250,000 lbf heat-
sink combustion chamber are presented In the follow0r.g paragraphs. The coon-
buatlob zhamber model and gas recovery temperature plot uaed in the analysis
Is shown in Figure 5-1. Hot-mide aiud cold-side wall temperatures were com-
puted for varying wall thicknesses and Sam recovery temperatures o. 70. 85
and 100 percent of the theoretical anImuazt gas temperature In the throat and
combustion chamber regions.

(U) A typical gad recovery temperature with the TTW coaxial injector ix
approximately 70 percent of theoretical maimuim gas temperature, or 3810r F
as determined from Figure 3-1. The predicted hot-side and cold-side tent-
peratures for the throat region and chamber region are shown In Figures n-2
and B-3, respectivelv. The a-islysia predicts an Internal surface temperature
of 1t00*F to reached at the throat after two seconds of firing for wall
thicknesses of 0.25 Inches to 0.50 Inches. Wall thickness hads only a secon-
dary effect on hot-side temperature.

(U) The predicted wall temperatures for an 85 percent gas recovery temper-
&cure are shown in Figures B-4 and B-5. The predicted internal surface tem-
perature at the throat after two seconds of firing is approximately 2bA00O'F.
Figures 5-6 and b-7 show the predicted wall temperatures for a 100 percent

oS" recovery temperature. The predicted Internal surface temperature at the
throac after two seconds of firing is approximately 2500*F.

(U) Dsofnitivr temperature limits for repeated short duration firings with
T-1 steols are not available. It Is recoended that text durations be

lend 0d to two seconds (or 170ec) to stnimiae chemical attack by thr
propellants impinging o~n the hot combustion chamber wail. Thermocouples
on the outside surfac'! of the combustion chamber wiil not respond quickly
enough to measure Inner wall temperature. Therefore it is recommended
that inside veil surioice thermocouples (Nanpac's) be Installed along the
thruat chamber.
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DATA REDUCTION PROCEDURES

1. CEIJA•

(U) The teat results presented herein are derived from computer printout
data furnished TRl by the AMrpL. The AFRPL furnished TRW reduced perfor-
stance data for teot firings 2 through 17 and general performance data for
test firings 18 through 46. 72-78, 90-93, 98-102, and 108-110.. TRW System
reduced the latter 45 firings; standard data reduction procedures were
employed throughout. Details of the computationa. procedures and corrections
which were applied are given in the following sections.

2. ,ELIVERED SPECIFIC IMPULSE AND THRUST COEFFICIENT

(U) The measured specific impulse is defined by the following equation

1 (meaas) - F(.eas)(
apt

where:
F - (FIA + F11)/2, outputs of dual bridge load cell, lbf

t 0o + f' weight flow, oxidizer and fuelIbm/sec

(U) The thrust coefficients were calculated fvom Equation (2) as follows:

C ?(mass) (2)
f(wnas) " P At

where:
P nozzle stagnation pressure, psia

A - throat area. in 2

(U) The nozzle stagnation pressure was obtained by tvo methods. The first
method corrected the average of the two injector end pressure measurements
for pressure loss to nozzle stagnation pressure using Figure C-I (Reference
1). This method assunea that the gas velocity acrosa the injector end
pressure tape is zero and, therefore, they were reading injector end astag-
nation pressure. This was latter shown to be incorrect as measurements
taken in the annular space between injector and chamber shoved higher
pressures. The second method used the nozzle entrance pressure, measured
just upstream of the corvergent section, which was corrected for static
to stagnation pressure differences due to gas velocity. Both methods assume
that combustion is comple e at the nozzle entrance and flow in the nozzle
is iaentropic.

Reference I. Altman, D., et &I. Liquid Propellant Rocketp, Princeton
University Press, 1960,

UNCLASSIFIED



L~CLA~1~D11199-6006-RB-00LNCLASM r. as* C-2

1.02

.08-. .' . 1- : . - : - • i -, T-..-- r •

0.92 , ,

1.0 1.5 2.0 2.5 .

(.), 1 f.2 .", .-7 ,. T'T-v , !•-;' -

figure C-1. Correction Factor. for Various Cotraction Ratios (U)

21SPECIFIC IMPULSE AND NOZZLE EFFICIENCY

Stheoretical Imp and CA data for the pressure range of 200 p'L* to
30 s&amd isixture ratlos of 1.80 to 3.20 (0/7)weecr-ftadud

nequation for to compute the theoretical Im, and C*. The equationa are
anfollows:

I(pa 13.2, r 4.0) - -120.6491 + 37 9.769 2"5 -1'23.4563P. +

0.463773P - 0.00061575 P. .+...0017556P... 0 (

w e e " . - i !_'

C* 1496.4296 + S838.8849,rAs -2072.939oi - 0.21772P00.0O387,P 
+ 0. 37941830 

(f)

Cotrctonsa,:1

The ape cfli: ltx purie efficiency v.80 tou 3.20 aO.e feeollo-w an ee

t ap(thoo.)

with the theoretical I bpueing ch orated frpm equation (3).
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(U) The noszle efficiency was determined from the follownLgi

"C r(f111 a)

2.2 EXPECTED NOZZLE EFFICIENCY

(U) The expected nCF for the 2/1 expansion ratio, 20 degree half-angle
conical nozzle was 0.955. Zn the 4/1 erpanLion ratio configtratiou the
expected %Cy was 0.965. Theoretical calculations were made for the various
losses (kinetic, divergence and friction) in the 4/1 expansion ratio, 15
degree half-angle conical nozzle. These computations indicate a nozsle
efficiency of 0.980 at a mixture ratio of 2.60 (O/). Theoretical calcu-
lation. for milture ratios of 0.5 to 10.0 (O/F) show loes than 0.3 percent
variation in the theoretical thrust coefficient.

3. IEASUMD CKMACTrEISTIC VELOCITY EFFICIENCY

(U) The characteristlc velocity was calculated as follows:

Po A 9o

C, o . t (7)
U

t

where;pr 0 nozzle stagnation pressure, psiL

At a throat area, in 2

- 32.2 lb -ft 2/lbr-ft-sec2

V - + W, lb,/sec
t 0 f, a

(U) During the facility checkout firings (1-10) the characteristic velocity
also was computed using the following equations

C* - (PC-I) a A tR

where. WT

(6)
•-PC-)

-- (_ Cr-actAlon F-actor 1ipo

The correction factor for F /P is obtained from Figutre C-1 and the ratio
of PC-3/PC-1 for firing. 9-b7 ows 1.071; this results In a 0 term value of
0.982. UNCLASSIFIED [
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(U) The flow rates used in both the measured I and C* equations were
obtained from single turbine flovmaters using wler flow calibrations.
Propellant tamperatures veVe measured in the propellant tanks and lines
and at the injector. D*nsWties for both propellants were computed from
AMIPL derived equationa glven as Equations (9) and (10).

5 t.777139 - 0.0350405 (T ) (9)

o0 95.8447 - 0.078033 (T0 ) (10)

(U) The combustion efficiency was computed from the following equation:

C* (easured)
CIO (-heoT (9)

where the theoretical CO it determined from equation (4).

4. INJECTION PAMJETERS

(U) The injector and system flow conductances were determined using the
following general equation

h volumetric fluw rate, ft /iec
propellant dennity, lb /ft

A - measured pressure loss, psi

(U) The fuel Injecti,)n pressure los*s was %wasured between the entrance to
the olf ice (PIF-2) avd the Injector end chaeber pressure (P(C-i or PC-2).
The oxidize.r'Injection pressure (P10-i) was used to. determine the aPto.
Injector cooiductance wan calculated from the following equations.

K I .JCF - J~f 7 P/ (16)

K1JCO - JP--•-oZ .

(U' The orifice discharge coefficient 16 reinzed to the injector conduc-
tance by the following equation:

C 1.495 -uco (15)
do A10

cd . 9. ýIq (16)
AUIfUNCLASSIFIED
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APPEIMDIX D
TASK I IH•JELTURICKAME4R

D)ESI[GN C.111-TEat,

1. DESIGN REqUK I•AEi.rfrSlOALS

(C) The injector and uncooled thrust chamber designs are based upon:

Nominal Thrust -250,000 lbf (vacuum)
Nostnal Chamber Pressure -300 pla
Exit Area Ratio -4.0/1
Chamber Length -36.5 inches
Propellants -N204/UD0H4
Nominal Mixture Ratio -2.6
Mixture Ratio Range -2.3 to 2.9
Specific Impulse Efficiency (Goal)-90% (based on shifting equilibrium)
Thrust Range -2.0/1
Chamber Pressure Range -300 psis to 150 pale

2. TECHNICAL APPROACH

(U) The injector is a centrally located single element coaxial type in
which throttling is accomplished by varying the propellant supply pressures.
The combust i chamber and injector are designed for a factor of safety of
2 at anobenL cemperature and 100 percent over pressure. Standard 300 lb.
ASA flanges are used on the injector and chamber vhere applicable. The run
duration is limited by the capability of the uncooled heat-sink thrust cha-
ber; this duration Is sufficiently long to res'h steady-state flow@, chamber
pressure and thrust so that engine performance can be documented.

(U) The coaxial injector Incorporates replaceable fuel and oxidizer injec-
tion orifices to provide rapid change of the injector configuration with
minimum down-time between tests. The design guideline for the injector is
to maximize use of commercially available pipe components (flanges, elbows,
tubing), using commonly available steels, .ith minimum modification.

(U) The fabrication process for the injectors ana chambers specifies that
welds be made in accordance with the ASME code for unfired pressure vessels.
This eliminates some strems analysis which might otherwise be required. To
reduce costs, fabrication will be conducted outside the normal aerospace
industry. Only the critical dimtnsionn will be inspected closely by aere-
space standards and only industrial cleanliness standards are required.

3. GENERAL CFARACTERISTICS

3.1 Injector

(C) The Initial development injector oxidizer orifice configuration Is
identical to that employed in the TRW Systems 1967 test program. The re-
quired flow rates are calculated as follows.

CONFIDENTIAL
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W 20 a 98O lb a /se

980
Wt a T72-.6 - 272 lb /sec

0 - 980 ( I 31.). 708 lba/seec

3.1.1 'uel Iniection Orifice

(C) The Initial fuel injection 0P and oxidizer injection A? are chosen as
35 psi and 140 psi, respectively. The required fuel Injection area for
the design condition Ix calculated from the follovlng equation.

f 96.30C

A 272 , 3[4. 5

f 49.5 96.30 Cd •]5

A * 10.05 In
2

The fuel sheet thickness is calculated assuming that the clean-up diameter
(D,) on the oxidizer pintle assembly in 12.65 Inches.

A1 a W/4 (D f 2 D-P

100- 'r /-(D( 160)

0 fm - hO + 12.- 172.8

Ofm " 13.15

tfh * 52 - 0.25 in.

A tolerance of 0.010 Incheq in the fuel sheet thickness results in an
area variaton of ± 4 percent and a pressure loss variation of + 8 percent
at the nominal mixture ratio.

3.1.2 Oxidizer Injection Orifices

(C) Thirty-six elementi (primary orifice and secondary orifice) are equally
s•,aced on thp 12.65 in.pintle dfameter. The required oxidizer injection area

for the design condition is

CONFIDEUTIAL
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(C) A
A0 96.30OCdJo

A 08 X 9

o 91 96.301 C~d'TM

A * 13.40 in 2

NominaLly, 10 percent of the oxidizer flow is injected through the secondary
orifices, Therefore, the area ýf the 36 primary orifice* Is

A * 0.9 x 13.40 - 12.05 in 2

op

(C) Tie unit spacing, UW, for 36 oxidizer elements on the 12.65 inch pintle
diameter is

S12.65v 1.105 inch
36

The width of thn primary orifice W , is selected as 0.45 inch; the width of
the primary orifice plus the vwdthPof the secondary orifice W Is liven by
the following relation,

(W * U )iLTW.0.50

The width of the secondary orifice is

W a 0.50 UW - 0.45 or
a

W - 0.553 - 0.4510.OI0

(C) The, oxidizer injection pressure loss for the mixture ratio range of
2,3 to 2.9 is expected to vary from -8 percent to 46 percent assuming con-
scant t-3tal flow rnte over the mixture ratio range.

3.1.3 Internal Velocities and Pressure Drops

(C) The velocity through the 6-inch diameter fuel inlet pipe (schedule 80)
is

W (N OiF - 2.3)
V - A

" 288 2.144'ý 32.6 ft/sec
49.2 ý2_5.9)

The pressure loss from the fuel inlet into the fuel manifold Is

CONFIDENJTIAL
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where K -1.5

AP- 1.5 x (32.6) x49.2~ar 64.4 x144

AP w 8.5 psi

The pressure loss through the eight, 3-inch diameter holes is approximately

2 y

*where K - ~ ~ -2.37 and the velocity is given by

V 288 1141 .- 14.95 ft/sec
49.2 k 5 6.51

2.37(1.5 2 4
64.4 x 144

The expansion loss from the internal fuel annulus, bahed on nominal dimen-

A 1 M I~ 37) 2 49.2.73ps
A 6 4 .4 x 1 4 4  73~

*(c.) The remaining turning and contraction losses should be negligible
because of the large areas and smooth inlets. The total fuel side pressure
loss (exrluding injection orifice) is approximately 20 psi.

(C) The velocity in the 8-inch diameter oxidizer tube (schedule 40) is

W (@ 0/F -2.9)
V OA_ 1 

1
729 144

Thp friction loss and Iturning loss to the injection orifices is iacluded

i n the oxidizer dincharg- coefficient which to determined experimentally.

3.2 Comhu,4tion Chamber

(C) The design point conditions are used to size the thrust chamber for a
nozzle s4tag)nation presnure,' Pop of 300 PMIA. The throat diameter is calcu-
lated from Equation I ssomuing a 94 percent C* efficiency.
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Dt "l] Co o 
(

4 0.94 x5596 x 9o 81/

D - 26.10 in.

The chamber diamter (39.0 in.) and length of chamber from impingement plane

to throat (36.5 in.) are identical to the chauber tested in 1967.

4. STRESS ANALYSIS

(U) The structural elements of the engine were analyzed for a static
pressure loading of 600 psi at aabient temperature with a mir.ium required
margin of safety of one against pressure loadir;. The use of 300 lb ASA
flanges were recommended for the injector inlets and chamber attach points.
The margi, of safety of three is defined for this design; therefore a
margin of safety of one is derived for the 600 psi loading in the injector.

(U) The methods used in this analysis applied both membrane and discontinuity
principles set forth by Timoshenko and Hetenyl. Thermal streasee and thermal
shock (chamber-throat temperature of approximately 1000-1500'F inner surface
and ambient temperature outer surface for 2-3 second firing) from temperature
and temperature gradients might be of importance but were not considered
except in the support structure.

(U) The analytical calculations are given in the following pages.
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Air Fo rce Rto Cet Propulsion Laboratory
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(U) The results of the Task I phase or an injector/chamber scaling
feasibility p~r.2gram are presented. During the fourteon month program.
covering the prriod fromn 6 July 1968 tu I St-pt~i-ber 1969, the feasibility of
sc~aling tht- TRW Systems coaxial inje tor design to the 250, 000 lb f thrmit
level was dencunstrated. A total of forty-one injector devel opniert test
firings were made using eight injector rcnfigurations. Three chamber
lengths were evaluated with a single injector configuration. Satisfactory
performance was achieved! with the longest c~hamber tested, Injector dynamic
stability was demonstrated in numerous stability rating tests employing both
pulse-guns and non-directional bomnbs. Three demonstration injector* were
designed and fa&bricated and two of theme injector@ were- subjected to chech-
out firings in preparation ror Task 11 testing.
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